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Abstract

ABSTRACT

Lattice QCD calculations predict that, in relativistic heavy ion collisions where tem-
perature is extremely high, quarks and gluons will deconfine from bound hadrons, and
a new matter state, Quark-Gluon Plasma (QGP), will be formed. The matter in early
universe is believed to be in QGP state a few microseconds after the Big Bang. This
strong coupling QCD matter created in the heavy ion collisions is a natural laboratory to
study strong interactions. One of the primary goals for relativistic heavy ion collisions,
is to produce QGP and study its properties.

The masses of heavy quarks (HQ) are much larger than QCD scale, so their produc-
tion cross sections can be calculated by perturbative QCD. As their masses are much
larger than QGP typical temperature, their thermal production in the medium is sup-
pressed. Thus, they are dominantly produced in the initial hard scattering processes
with large momentum transfer before the formation of QGP in the heavy ion collisions.
The thermalization time of heavy quarks is comparable or longer than the lifetime of
QGP created in heavy-ion collisions. Therefore, their final kinematics still carry dy-
namic information about their interaction with the QGP medium.

When heavy quarks transport through the QGP medium, they interact with the back-
ground partons in the medium by elastic scattering and gluon radiation. At low mo-
mentum, heavy quarks and medium interactions are dominated with elastic scattering.
Since heavy quark masses are much larger than the medium temperature, their interac-
tions with the medium can be approximated as multiple elastic scattering with relatively
small momentum transfer (¢> ~ T?), in analogy to “Brownian motion” in molecular
physics. Heavy quark motion inside the QGP can therefore be described by a stochastic
Langevin simulation. One of the transport parameters, often characterized by a spatial
diffusion coefficient D, reveals the QGP coupling strength. The D, can be constrained
by analyzing the experimental data of nuclear modification factor R, , and elliptic flow
v, of heavy flavor hadrons or their decay daughters at low momentum, and compared
to phenomenological models. The strength of measured D° v, at low p; at RHIC top
energy and LHC is comparable to those of light hadrons. A local peak structure is ob-
served in the D° R, , around p; ~ 2 GeV/c, known as “flow bump”. It is inferred
from current measurements in comparison with model calculations that D° meson has
obtained collectivity and may have been thermalized in the medium. Based on the avail-

able experimental data, the current understanding of the 277D, has been constrained

I



Abstract

to be around 2-5 near the critical temperature 7, while the temperature dependence of
D, has an appreciable uncertainty at higher temperature regions.

The heavy quark (HQ) energy loss mechanism in the medium can be learned from
the modification of p; spectrum of final state heavy flavor hadrons. The gluon radiation
process is expected to be suppressed with the increase of parton mass at a given momen-
tum, known as the “dead cone” effect. Therefore, the radiative energy loss of quarks

and gluons should follow a mass hierarchy: AE, < AE, < AE

u,d,s

< AE,. Intuitively,
HQ R, , is then expected to be less suppressed if only considering radiative energy loss.
However, the measured R 4, for charm mesons or their decay products from RHIC top
energy and LHC is comparable to those of light hadrons up to p;, ~ 10 GeV/c. This
striking observation reveals the importance of elastic energy loss for heavy quark energy
loss mechanism in the QGP. In addition, the mass hierarchy of R, , is also affected by
the initial parton spectra and hadronization process. Recently, a charm-bottom hierar-
chy at intermediate p; is observed in measurements of R, , of bottom decay daughters
from LHC. Based on the theory predictions, the collisional energy loss dominates at
low momentum, while heavy quarks loss energy mainly through gluon radiation at high
momentum. However, it is not very clear at which momentum will the radiative energy
loss takes over the elastic ones.

In this thesis, measurements of the elliptic flow of heavy flavor electron (e”F) in
AutAu collisions at \/% = 27, 54.4 GeV are reported. By lowering the collision
energy, one would expect the initial temperature the QGP medium can reach will be
different. Therefore, the measurements from different collision energies are expected
to offer sensitive information on the temperature dependence of various QGP proper-
ties. The measurements are based on the data samples collected during RHIC year run
2017 and 2018 by the Soldnoidal Tracker at RHIC (STAR) detector with a statistics
ten times of that in Au+Au m = 62.4 GeV collisions collected in year 2010. In
this analysis, electrons are identified by combining the energy loss information from
the Time Projection Chamber (TPC) subsystem and particle velocity information from
the Time Of Flight (TOF) subsystem. The main background sources in this analysis are
so called photonic electrons, including electrons originated from photon conversions
in the detector material and Dalitz decay electrons from light mesons z%/#. The yield
of photonic electrons can be evaluated by a reconstruction method and removed from
the total electrons statistically. The reconstruction method involves a finite efficiency
which is estimated by full detector simulation using the embedding technique. The v, of

inclusive electrons is calculated using the event plane 7-sub method. The elliptic flow
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of photonic electrons is computed using simulations with the input hadron v, from real
data.

The results show that e’* has obtained a large v, in AutAu /sy = 54.4 GeV
collisions that is comparable to the e”* v, in 200 GeV collisions. The strength of e *
v, is also comparable to those of light hadrons at p;, > 1 GeV/c in 54.4 GeV collisions.
It indicates that charm quarks also have strong interactions with the QGP medium in
Au+Au collisions at 54.4 GeV, although the collision energy is nearly a factor of 4 lower
with respect to \/% =200 GeV. In Au+Au collisions at 27 GeV, the strength of e"*
v, 1s lower than 1.6¢ lower than that in /sy = 54 GeV collisions, and consistent with
0 within uncertainty. This might be a hint for that charm quark is not fully thermalized
in AutAu /sy = 27 GeV collisions.

Measurements of D** production in Au+Au m = 200 GeV collisions are re-
ported too. The analysis is based on data samples collected by STAR with the Heavy
Flavor Tracker (HFT) detector installed during 2014-2016. This measurement is com-
plementary to the D° R, , measurements to confirm that suppression of D R, , is not
a result from the light quark component of D°. Measurements of various charm meson
species are needed and nearly 23% charm quarks will be hadronized to D** in ee/ep
collisions. D** has a sizable feed-down contribution to the final state D° mesons with
about 67% of D** decay to D°. Model calculation predicts that D** life time might
be shortened in high temperature and density environment. The final observed D**
yield might get reduced if D** decays before kinematic freeze-out due to re-scatterings
with the hadronic medium. D** is reconstructed through the channel D** — D%z™,
D° — K~z*. The result shows that there is no obvious centrality dependence in the
D**/D° yield ratio, which indicates that re-scattering effect does not have a significant
impact on the final D** yields. Therefore the measurements of D** production are
able to be combined with D* and D° measurements for better experimental precision
to understand the charm quark energy loss as well as other transport properties. The p;
dependence of D**/D° yield ratio is consistent with PYTHIA calculation in p+p colli-
sions at 200 GeV. As there is no modification of D**/D° yield ratio observed in Au+Au
collisions, it can be inferred that D** R, , has similar suppression as D° R, and D°
R, , modification is not resulted from D** feed down. It supports the conclusion that
the charm quark has a strong interaction with the medium.

Looking forward towards the future heavy flavor program in heavy ion collisions,
the sSPHENIX detector is a new generation detector for measurements utilizing hard

probes. The innermost tracking system is the Monolithic Active Pixel Sensor Vertex
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Detector (MVTX). The sPHENIX detector also features as high trigger and DAQ rate.
Precise heavy flavor measurements over a broad momentum range are expected in the
future sSPHENIX detector. In the last part of this thesis, the simulation of charm baryon
measurements in the SPHENIX detecor is reported. We first extract the detector perfor-
mance for single tracks through full detector simulation, which will be set as the input for
the followed fast simulation. From the simulation, we predict the A} signal significance
and the statistic uncertainty of A}/D° ratio in the future SPHENIX experiment in dif-
ferent centrality and p; bins under different PID scenarios. A systematic measurement
of charm baryon A} and possibly A, production in p+p, p+A and A+A collisions with
the future SPHENIX detector will offer new insights towards heavy quark hadronization

and may potentially shed light on the understanding of color confinement in QCD.

Key Words: Quark-Gluon Plasma; Heavy flavor; Charm quark; Electron; elliptic flow;
D**; Spectra; Energy loss; Charm baryon

VI



Contents

Contents

Chapter 1 Introduction: « « « « « « « « « o e e e
1.1 The elementary particles and interactions - - - -« - =« = -« - - -
1 2 Quantum ChromOdynamiCS .........................

12.1 The running coupling = = = = = =+ + s s s e e
122 Approach to solving QCD - = « « = = =+ s e e e
1.3  QCD phase transition and QGP - - - - - = - = - o e e e e
1.4 Relativistic heavy ion collisions- « - =+ =« =+ = - o v
1.4.1  ColliSion EOmetry = = = = = =+ = = =+ s
1.4.2 Space-time evolution of the collision® = = =« = =« = = = oo e e e e
1.43 Experimental observable = =+« + c c s s e e e e
1.5 Motivation of open heavy flavor measurements - - - - - - - - - - - - - -
1.5.1 Collectivity - Heavy flavor electron v, = =« = = = = = = 0o s e e e e e e e
1.5.2  Energy loss - Dt production = =« + ot s e e e e

1.5.3 Hadronization - simulation of A} production * « =+« =« = © oo

Chapter 2 Experimental setup - - - - - = -« - == - oo oo
2.1 The Relativistic Heavy lon Collider- - - - - - =« - = - o v oo e
22 The STAR detector - + - « « « « « o o oo e e
2.3 Time Projection Chamber - = = =« =« =« = o oo
2.4 Time Of Flight detector - = = = = = = = =« = v oo e
2.5 Heavy Flavor Tracker - « =« « + = = @ o c oo o e

Chapter 3 Measurements of elliptic flow of heavy flavor electrons - -
3.1 Overview of the analysis = = =+« = =+« « - oo
3.2 Dataset and event selection « - =« - - s s e e e e e e
3.3 Inclusive electron selection and purity calculation - - - - - - - - - - - - -

331 Track seloction = = « -« + - s e e e e
3.3.2 Inclusive electron identification = « =+« = ¢ 0 s e e e e e e e e
33.3 Electronpurity study = =« © c ¢ s s e e
3.4 Photonic electron tagging « -+ - ¢ ¢ v s e e
3.5 Photonic electron reconstruction efficiency - - - - - - - - - e
3.5.1 Photonic electron embedding « - -« = c 0 v oc s s e e e e e e e

3.5.2 Embedding QA and Systematic uncertainties -+ = * -+ © : ¢ oot os s e

VII



Contents

3.5.3 Check on the bump structure in efficiency plots - = = = = = = = = = - 000 49
3.5.4 Reconstruction efficiency results: = = =+ = ¢ 0 s e e e e e 50
3.6 Inclusive electron vy« « « + @ ot 52
3.7 Photonic electron vy « = =+ =t st e 55
3.7.1 Photonic electron v, simulation =« -+« c v e e 55
3.7.2 Systematic uncertainty of photonic electronv, - = = = = = = = - 00000 58
3.8 Non-photonic electron v, and systematic uncertainty - - - - - - - - - - - - 59
3.0 Non-flow eStmation - - - = = = = = = + « + + + + t et 61
310 Appendix « ¢ v v ottt s e 65
Chapter 4 Measurements of D** production in Au+Au 200 GeV
COllISIONS - = = = = = = = = ¢ e e e e e e e e e 67
4.1 Data Sets and Event selection =+« + = =« = s oo s e e e 67
4.2 DO 1reconsStruction « = « ¢ ¢ ¢ s e e e e e e e e e e e 68
4.2.1 Track selection and particle identification * = = =+ = = s o s e 68
422 DOdecay topology =+ ¢t ottt s 68
4.3 D™ reconSIrUCHON: = = = + + + + e e e e 70
4.4  D* efficiency COITECtion = = =« + + * = =+« s oo 73
441 ;oefficiency © © ¢ 0ttt s s 74
4.42 D reconstruction efficiency® « + ¢ v v vt e s 76
4.43 D°double counting effect * =+ + ¢ v s s e e e 78
4.4.4 Vertex resolution correction « =« ¢ v vttt s s e e e 78
445 D efficiency =+ v v vttt s e 79
45 DD ratio: - ¢ v - v o v e e e e e e e 81
4.6 Systematic uncertainty: « « =+ c ¢ st s e e 81
Chapter 5 Results and discussion - -« = - = - oo 83
5.1 ef'F v, at low energy - charm quark collectivity - = - - - - - - - - - - - - 83
5.1.1 The energy dependence of ¥ vy + -+ + = o o oo 83
5.1.2  Comparison on the p; dependence of e’ and identified particles v, * = * * * - 85
5.1.3 Model COMPArison * + + * = = © ¢ s e e 88
5.1.4 Outlook of this analysis - = = = = =+ = © e 90
5.2 D** production - charm quark energy loss - « =« =+ c oo 91
520 DI Spectra vt ottt ottt s 91
500 D/DOratio s ¢ v ¢ ¢ e e e e e e e 92

VIII



Contents

53 SUMMAry: =« + =+ 5 @ r s 93
5.3.1 Low momentum - Diffusion = = = = = = = c 0 s e e e e e e e 93

5.3.2 Low to intermediate momentum - Hadronization * - - -« = = = -+« - - - 95

5.3.3 Intermediate to high momentum - Energy loss « -+ =« + =« + =« - =« - - 96

534 Perspective: - -+ 1t st s e 97
Chapter 6 Outlook - Future heavy flavor program at RHIC - - - - - - 99
6.1 The SPHENIX detector - -« « - « =+« « = o o v oo e e e e e 99
6.2 MVTX detector and heavy flavor program at sSPHENIX - - - - - - - - - - 100
6.3 AF production at SPHENIX = « « =« = = = = = = oo oo oo oo oo 101
631 Introduction - = = « « « ¢+ e e e e e e 101

6.3.2 Overview of simulation approach -+ - = = =+« = = = © s e e e 102

6.3.3 SsPHENIX detector performance « « = = =« « + = = = © s s s e e 103

634 Signal « - ¢ v st 104
6.3.5 Combinatorial background - - -« - ¢ 0 s s s e e e e e 107

6.3.6 PID SCENATIO © - « =+ + ot e e 109

637 AT TeCONSIUCHiON + * + * + © ¢ f s 109

6.3.8 Results and discussion = =+ ¢ v v s e e e 111

63.9 SUMMAry -« « + = 5 sttt 114
Bibliography - « « « « « + ¢ v e 117
Acknowledgements (L) -« - - - 131
Publications and Presentations List - = - - -+« - oo oo 133

IX






List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

List of Figures

Elementary particles described in the standard model. These particles are
regarded as point-like particles and do not have inner structures. The first 3
column in the left are quarks and leptons. The particles in the fourth column

are vector gauge bosons. The higgs boson is in the fifth column. Figure is

The Feynman diagrams illustrate the lowest order of screening (a) and anti-

screening (b) effect between the color charges in the polarization of vacuum.

Summary of current measurements of the QCD coupling constant a, as a

function of the energy scale Q. The measured data points agree with the

curve from QCD calculations. The picture is taken from [11]. - - - - - - - -

The schematic of our current understanding of the QCD phase diagram as a
function of temperature and baryonic chemical potential pz. ug represents

the excess of quarks over anti-quarks. The yellow shadow indicates the

crossover between QGP and hadron gas. The picture is taken from [17].- - -

Pressure p, energy density €, and entropy density s of the hot QCD matter
as a function of the temperature from LQCD calculation (bands in the plot).
The darker lines refer to the hadron resonance gas (HRG) model prediction.
The yellow vertical shadow indicates the cross-over region. The horizontal

dash line at 9572/60 corresponds to the energy density of the ideal non-

interaction gas limit (Stefan-Boltzmann limit). The figure is from [19]. - - -

The schematic diagram of impact parameter b, participants in overlap zone

of the nuclei (marked in dark blue), and spectators (marked in light blue) in

nucleus-nucleus ColliSion. = « = =+ « = = s e e e e e

This plot illustrates the space-time evolution of heavy ion collisions. The

picture iS taken fI'Ol’l’l [24] ...........................

XI

4



List of Figures

1.8

1.9

1.10

1.11

1.12

1.13

1.14

1.15

Elliptic flow v, for charge particle measurements in Au+Au collisions at
\/% = 200 GeV and its comparison to hydrodynamic model with dif-
ferent specific viscosity #/s. Right plot shows the charge hadron v, as a
function of p; in minimum bias events from STAR [31]. Left plot is the
integrated py v, as a function of <N ,,,> from PHOBOS [32]. The initial

energy density distribution for the model curves in the plots is from color-

glass-condensate (CGC) models. The estimated specific viscosity of QGP

at RHIC energy is 0.08-0.16. The picture is taken from [29].- - - - - - - - -

The initial asymmetric energy density distribution in spatial space results

in the asymmetric particle emission in momentum space.* -« =+ =« = * - -

The first measurement of v, versus centrality at RHIC from STAR [36].

NN, 15 the ratio of average charged particle multiplicity in each bin

max

over the highest multiplicity observed. The higher n_,/n,,,. refers to more

max

central collisions. Open rectangles are hydrodynamic predictions assuming

7ero mean free path ..............................

v, of various hadron species and inclusive charged hadrons as a function of
pr and comparison with hydrodynamic models [24, 38-42]. The data are
from STAR and PHENIX measurements in Aut+Au collisions at {/s\y =

200 GeV in mid rapidity. The figure is taken from [24]. - - - - - - - - - - -

Number of constituent quark number scaled v, for different hadron species

in minimum bias events at Au+Au collisions at /sy = 62.4 GeV [42].- - -

Charged particle nuclear modification factor measurements in d+Au and
AuAu collisions at 200 GeV from STAR [56-57]. The figure is taken from

[56] ......................................

The measurements of charged particle (hadron) and pion nuclear modifica-

tion factor R, 4, in Pb+Pb and Au+Au collisions at different energies (SPS

[49-50], RHIC [51-52], LHC [52-55]). The figure is taken from [55]. - - - -

The measurement of D° v, in Au+Au collisions at 4/syy = 200 GeV. The

left plot is NCQ scaled v, as a function of (my — mg)/n,. The right plot is

D° v, versus p; compared to model calculations. - - - - - - - - - oo

XII

16



List of Figures

1.16 Charm quark spatial diffusion coefficient 2zTD; as a function of reduced
temperature T/T,, from lattice QCD calculation [66-68], pQCD calculation
[62, 69], Ads/CFT calculation [70], QPM calculation [71], Duke model
[72], T-matrix approach [73]. The initial temperature 7;, used in TAMU
model [74] in Aut+Au collisions at 62.4 and 200 GeV are indicated with
blue arrows. Only the theory calculations within the blue box can describe
DY R, , and v, data in Au+Au collisions at m = 200 GeV. The picture

iS taken from [64] ............................... 18
1.17 Measurements of heavy flavor electron in Au+Au collisions at 39, 62.4 and
200 GeV from STAR [75] .......................... 19

1.18 The upper panel is the measurement of D° R,, in Au+Au collisions at

\/% = 200 GeV [84] and average D meson in Pb+Pb collisions at

saw = 2.76 TeV [85]. D° R, , is compared with pions [86] and charged
hadrons [87], shown in the bottom panel. The figure is taken from [84]. - - - 20

1.19 Left: Measurements of A7/D" ratio as function as p; in Au+Au collisions

at RHIC. Right: Measurements of A}/D° ratio as function as p; in Au+Au,

Pb+Pb and p+p collisions.The enhancement of A*/D° and D}/D° are ob-

served in A+A collisions with respect to PYTHIA calculations in ptp. - - - 21

2.1 The Relativistic Heavy lon Collider at Brookhaven National Laboratory.

The ion beams start at EBIS, then they are delivered to Booster, and fol-

lowed by AGS. They will reach a energy of 10.8 GeV/u and travel at a

speed of 99.7% light-speed before being injected into the RHIC. The STAR

detector is located near the AGS-to-RHIC Transfer Line.- - - - - - - - - - - 23
2.2 The schematic view of the sub-detector systems of STAR. - - - - - - - - - - 24
2.3 The schematics of the STAR TPC structure. The picture is taken from [99]. - 26
2.4 The schematic diagram of anode pad plane with one full sector. Taken from

[99]. = v ¢t 26
2.5 The first Aut+Au event at m = 200 GeV recorded by STAR TPC [104]. - 27
2.6 TPC d E/dx versus momentum in Au+Au 200 GeV collisions. Taken from

[83]. « « v vt 27
2.7 The structure of a single MRPC module in long (upper picture) and short

(lower picture) side View. = =+« « « ¢ e 28

2.8 1/p distribution as a function of momentum for charged particles in Au+Au

XIII



List of Figures

2.9 The schematic view of the HFT lay-out. Taken from [107]. - - - - - - - - -

2.10 DCA resolution of 7, K and p in the transverse plane (XY) as a function of

pr in AutAu collision in Run 2014 [83]. = = = = = =+ = v v v v e e

3.1 The correlation between the azimuthal angle of ¥ and that of their parent

quark as a function of eH F Ppot * c ottt

3.2 The primary vertex distribution in XY-plane (V, verus V) - - - - - -~

3.3 The number of electrons as a function of Z-direction of the primary vertex

(I/Z) and the n Of tracks. ............................

3.4 Refmult distribution and pile up rejection.- - - - = - - - e e e e e

3.5 Inclusive electron ¢ distribution with different cuts in Au+Au 54.4 GeV

3.6 Electron identiﬁcation. .............................
3.7 Particle sample no, distribution = -+ - - oo e e
38 nae Multi-Gaussian ﬁttmg ...........................

3.9 Transport momentum to transverse momentum - - - - ¢ - v v s s s s s s

3.10 The black line in the plot shows the mean value of inclusive electron purity.
The gray band refers to the estimated systematic uncertainty. The p; range

marked in green shadow will be excluded in the analysis because of the low

purity and large uncertainties. .........................
3. 11 Photonic electron tagglng ...........................
3.12 7 spectra in AutAu 62.4 GeV collisions - -« = -« = - s e e
3.13 7z spectra in Au+Au 39 GeV collisions - - - = = = 2 s e e e e e
3.14 5/z° ratio in Au+Au and d+Au 200 GeV collisions[119] - - - - - - - - - - -

3.15 Direct photon spectra normalized by (d N, /dn)"* in different systems and

energieS[ 1 2 1 ] ..................................

316 PhOtOIliC electron SOUTCES * * * * = = * * = = = + « = o+« e oot

3.17 The p; distribution of partner electron at Aut+Au 54 GeV from simulation

and data ....................................

3.18 The decay length distribution of the electron pair at Aut+Au 54 GeV from

simulation and data. ..............................

3.19 Photonic electron reconstruction efficiency from different sources.- - - - - -

XIv



List of Figures

3.20

3.21

3.22

3.23

3.24

3.25
3.26

The electron tracks in the y — eTe™ embedding samples are split into two
categories based on start vertex position raldiuSZ\/xzi-i-y2 in XY-plane. The
electron tracks with radius> 40 cm are dominantly converted at TPC inner
field cage (blue triangle points). Red open circle points are the electron
tracks with radius< 40 cm. The black points are total reconstructed elec-
trons from photon conversion. Plot (a) shows the reconstruction efficiency
of photon conversion electrons. The electrons converted in the TPC inner
field cage tend to have higher possibility to be reconstructed at p, < 1.5

GeV/c. Plot (b) shows the estimated yields of the reconstructed conversion

electrons. ....................................

This plot shows the start-vertex radius of y conversion electron in XY plane
as a function of RM°"=(rc p,-mc p;)/(mc p;) after track quality cuts ap-
plied, where rc p; is the reconstructed primary momentum, and mc p; is
the momentum of the associated MC track. The band at radius ~ 46 cm
is contributed by photon conversion electrons converted at the TPC field

cage, while the band at radius ~ 4 cm is contributed by electrons converted

at the beam plpe ................................

Systematic uncertainty for reconstruction efficiency from gamma conver-

sion probablity, invariant mass, pair DCA, nHitsFit, .- - - - - - - -+ - - -

The photonic electron reconstruction efficiency in Au+Au 54.4 GeV colli-

sions. The date points are directly obtained from embedding. The blue line

is the fitting function and the blue band shows the systematic uncertainties. -

The non-photonic electron over photonic electron yield ratio as a function

of p; in AutAu /sy =54.4 (blue points) and 27 GeV (green points) col-

liSiOHS. .....................................

Event plane is reconstructed by #—sub method - - - - - - - - - - oo

Plot (a) shows the distribution of event plane in 0-60% centrality in Au+Au
collisions at \/% = 54.4 GeV. The raw event plane distribution is shown
in blue line. After re-centering correction, the event plane distribution still
remain 2nd or higher order harmonics, shown in black line. Red line shows
the further flattened event plane distribution with shifting method. Plot (b)

is the centrality dependence of event plane resolution with #—sub method

in different collision energies. = - = =+« o s s e e e e

XV

52



List of Figures

3.27

3.28
3.29
3.30
3.31
3.32
3.33

3.34

3.35

3.36

3.37

3.38

3.39

3.40

341

4.1

The inclusive electron v, as a function of p; at 0-60% centrality in Au+Au
\/% = 54.4 GeV collisions. The inclusive electron v, is measured by
event plane —sub method. -+ + + ¢ ¢ e
Input y spectra from different sources for Au+Au 54.4 GeV - - - - - - - - -
Input y v, from different sources for AutAu 54.4GeV - - - - - - - - - - - -
Flow chart of photonic electron v, simulation. - = = =« - - - - -« -«
Input pion v, for AutAu 54 GeV. - - - - - - - -
Input pion v, for AuTAu27 GeV. « - = = = = c oo
The A¢ distribution of photonic electron tracks in the embedding at 1.2 <
pr < 1.4 GeV/c. Plot (a) shows raw A¢ distribution with no weight; Plot
(b) is A¢ distribution after p; and ¢ weight; Plot (c¢) is after p; and ¢
weight, and A¢ normalization. To reflect the statistic fluctuation, the er-
ror bar shown in the Plot (¢) is kept the same as Plot (b). - - - - - - - - - - -
Photonic electron v, from data and simulation. The pink bands refer to the
total photonic electron v, from simulation. The blue bands and blue data
points refer to the reconstruced electron v, from simulation and data. - - - -
Relative fraction of NPE v, uncertainty from different sources in Au+Au

54.4 GeV collisions. Y-axis represent AI.Z/A2 A?

rorals Arora InCludes both system-

atic and statistic uncertainty. - -+« ¢ ¢ s s s e e
NPE v, in Au+Au 27 and 54.4 GeV collisions. « = =« = = = = 0o
Estimated non-flow in Au+Au 54 GeV. "full ¢ range” gives the upper limit
Of non ﬂOW Contribution. ............................
Partner electron nHitsFit versus tagged electron p;. Blue point: MC; Red
line: Data. ...................................
Electron pair invariant mass distribution in different tagged electron p; bin.
Blue line: MC; Red line: Data. - - - - - - = =« oo e s e
Electron pair DCA distribution in different tagged electron p; bin. Blue
pOint: MC’ Red line: Data_ ...........................
Partner electron # distribution in different tagged electron p, bin. Blue open

circle: MC; Red close circle: Data. = -« - = = = =« - o oo e e e

The schematic diagram of D (left) and D** (right) decay topology. - - - - -

XVI

59



List of Figures

4.2

4.3

44

4.5
4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14
4.15

The invariant mass distribution of Kz pair in 2<p,<10 GeV/c at 0-80%
centrality in Run14. The black open circles represent the Unlike-Sign (US)
distribution. The combinatorial background distribution is estimated by
Mixed-Event method, shown as the blue histogram. The red full circles
depict US distribution after combinatorial background subtracted. - - - - - - 70
1/p versus momentum in Runl6. The lines in the plot are expected 1/
values for each particles respectively. -« =« = - = oo 71
D** momentum versus its daughter z,,, from simulation. D** is forced
to decay to D’z by PYTHIA. The input pr distribution for D** uses D°
spectra in Au+Au 200 GeV collisions [83]. -« = = = = = o oo e 72
Current event are mixed with 5 similar property events. - - - - - - - - - - - 72
The invariant mass distribution of my, — mg, in 2<p;<10 GeV/c at 0-
80% centrality in Run 14. The open circles represent Right-Sign distri-
bution. The green, magenta, and blue crosses represent the combinatorial
background distribution estimated by Side-Band (SB), Wrong-Sign (WS),
and Mixed-Event (ME) method. The red solid circles are RS distribution
with combinatorial background subtracted using MS background. - - - - - - 73

TPC tracking efficiency of z; as a function of p; in different centrality bins

in Run14. .................................... 74
TOF matching efficiency of z, as a function of p; in different centrality

bins in Run14' ................................. 75
Left: no, distribution; Right: 1/g distribution. - - - = = = - - = == o oo v 75
Left: #, TPC PID cut efficiency; Right: #, TOF PID efficiency. - - - - - - - 76
D° reconstruction efficiency as a function of p; in centrality bin of 0-10%,

10_40% and 40_80% .............................. 77

Plot (a) and (b) is the simulated invariant mass distribution of D signal (red
lines) and double counted DO signal (black data points) at 0<p;<0.1 GeV/c
and 6<p;<6.1 GeV/c. Plot (c) is the estimated fraction of double counting
effect in reconstructed D signals at different centralities. - - « - - - - - - - 79
Left:  Full-Width-at-Half-Maximum (FWHM) of V, between two
randomly- divided sub-events in various centrality bins[83]; Right: vertex
resolution correction factor as function as centrality[83]. - - - - - - - - - - - 80
The total efficiency D** as a function of p; in different centralties in Run14. 81

Systematic uncertainty from different sources in 10-40% centrality in



List of Figures

5.1

5.2

53

54

5.5

Measurements of heavy flavor electron v, in AutAu /syn = 27, 54.4 and

200 GeV [75] collisions. The blue shadow shows the estimated upper limit

of non-flow contribution in Au+Au 54.4 GeV collisions. © = - -« = =+« + -

FONLL and PYTHIA calculations of heavy flavor production in p+p col-
lisions. The error bands of FONLL calculations include uncertainties from
scales and masses. (Left) Electron production yield from D or B meson
decay. The input D meson spectrum are composed of 70% D° and 30%
D, including the feed down from D*. (Right) The total charm quark pro-
duction cross section as a function of collision energy in p+p collisions
from FONLL and PYTHIAS.2. FONLL calculation is from [132-133]. The
PYTHIAS.2 calculations are obtained with the default Monash tune [134-

The collision energy dependence of heavy flavor electron v, and light
hadons (z/K/¢) at p, ~ 1.45 GeV/c. The error bars include both statis-
tical and systematic uncertainties. (Upper) The heavy flavor electron v,
at pr ~ 1.45 GeV/c. The data points of Aut+Au 27, 39, 54.4 and 62.4
GeV collisions is directly from this measurement and [75]. The data points
for AutAu 200 GeV and Pb+Pb 2.76 GeV collisions are extrapolated to
pr = 1.45 GeV/c from measurements [75, 136]. (Bottom) Comparison
of v, between heavy flavor electron and light hadrons. The data points for
heavy flavor electron are the same as the upper plot. The data points for light
hadrons are interpolated from [137-138] (Au+Au collisions, 0-80% central-
ity), and [139-140] (Pb+Pb collisions, 0-50% centrality). The red, magenta,

blue and green dash lines are the fit to data points. The fitting functions are

f=po+p 1+ ﬁ + %)ﬂ for 7/K/¢, and f = p, + p,(1 + \/”Lz)ps
SN

N SNN

The elliptic flow of heavy flavor electrons and light hadrons (¢/K/x) in

AutAu /sy =27 and 54.4 GeV collisions in minimum bias events. * - - -

The distribution of daughter electrons p; versus parent D° p,. The input

DY spectra shape is taken from FONLL calculation in p+p collisions at 62.4

GeV. The D — e decay channels are listed in Table 5.1. - - = - - - - - - - -

XVIII



List of Figures

5.6

5.7

5.8

59

5.10

5.11
5.12

5.13

5.14

5.15

The elliptic flow of light flavor mesons (7/K/¢) follows NCQ scaling at
AutAu 54.4 GeV collisions (left plot). The points in the right plot are
the estimated D — e v, with the assumption that D° v, follows universal

NCQ scaling as light flavor hadrons. The shape of D° spectra at 54.4 GeV

collisions is assuming the same as that of 200 GeV collisions [83]. - - - - -

Heavy flavor electron v, in Au+Au 27, 54.4 GeV from STAR measurements

and models (TAMU: [74], PHSD: [141-142]). - - - - = = =« o oo e e

Heavy flavor electron v, in Aut+Au 200 GeV collisions from STAR [75]

measurements and models [75, 141, 143]. - =« =« =« oo

Heavy flavor electron v, in Au+Au 54.4 and 62.4 GeV collisions [75]. The

data uncertainty is greatly improved in this analysis. - - - - - - - - - - - - -

If the K* decays before thermal freeze out, this K* cannot be reconstructed
by the final state daughter particles due to elastic scattering. On the other
hand, a kaon might combine with a pion and K* is regenerated. The final

measured K™ yield is a result of the competition between re-scattering and

re generation. ..................................

D** invariant yield as a function of p; in different centralities (Run14). - - -

D**/D" integrated yield in Au+Au collisions at /sy = 200 GeV (Runl4).

K*/K~ ratio is higher in peripheral collisions compared to central colli-

sions, while D**/DP ratio have no strong centrality dependence. - - - - + - -

Left plot: D**/D° ratio in 0-10%, 10-40%, 40-80% centrality bins in
AutAu collisions at /sy = 200 GeV (Run 2014). The results are con-
sistent with PYTHIA calculations (purple line) within uncertainty. Dark
Gray points in the top panel are in 0-10% centrality in Pb+Pb /sy = 5.02
TeV collisions [152]. Right plot: The measurement of D° R, , in Au+Au
\/% = 200 GeV. The plot is taken from [84]. The D° R, has a large

suppression up to pr ~ 10 GeV/e. w + + + r e e e e

Elliptic flow of D meson in Pb+Pb /s = 5.02 TeV collisions (30-50%)
[153-154], and AutAu /sy = 200 GeV collisions (10-40%) [65]. The

ﬁgure iS taken frOm [64] ............................

(Left) D R, as a function of py in 0-10% centrality at Au+Au /sy =
200 GeV [83] and Pb+Pb \/% = 5.02 TeV collisions [152, 156]. (Right)
R, 4 as a function of p; in Pb+Pb \/% = 5.02 TeV collisions in 0-100%
centrality from CMS [157] for charged hadrons, prompt D°, non-prompt

D, non-prompt J/y, B*. The figures are taken from [64].- - - - - - - - - -

XIX



List of Figures

5.16 Charm quark spatial diffusion coefficient 227D, as a function of reduced
temperature 7/T,, from multiple theory and model calculations [62, 66-74].

The picture iS taken fI'OIl’l [64] ........................

5.17 A/D° ratio as a function of p; in AutAu /syy = 200 GeV/e, Pb+Pb

\/Sny = 3.02 TeV, p+Pb /sy = 5.02 TeV, ptp 4/syn = 7 TeV collisions.
PYTHIA calculations in p+p /sy = 200 GeV collisions with default

mode (NCR, dash line) and new color reconnection mode (CR, solid line )

are also Shown il’l the plOt ..........................

6.1 A schematic view of the proposed sSPHENIX detector. - - - - - - - - - - -

6.2 Picture (a) is a schematic view of the MVTX detector. The left plot in
picture (a) shows the radius of Picture (b) is MVTX integrated circuit with

9 ALPIDE SENSOL, * ° * * * = ot ocoeee e e e e e e e e e e e e e

6.3 The projected uncertainty of B meson R, p and v, with totally 240 billion

minimum bias Au+Au events. The precision is enough to separate different

models. © ¢+ ¢ ¢ ¢ s e e e e e e e e e e e e e e e

6.4 Flow chart of the hybrid simulation for A performance calculation with

SPHENIX detector‘ ..............................

6.5 Total tracking efficiency extracted from the full Hijing+Geant4+GenFit2

simulation. The efficiency has included TPC tracking efficiency and

MVTX matching efﬁCiency. .........................
6.6 K/p/m DCA, VS DCAyy 2D distribution- « = =+ - = = = - - oo oo e e

6.7 The detector DCA performance in this simulation. - - - - - - - - - - - - -

6.8 Momentum resolution of K/p/z in this simulation. pgf”e is Monte Carlo p,

and dpy is the difference between MC p; and reconstructed p. = - - - - -

6.9 AT spectrais calculated by multiplying A¥/D° ratio with D° spectra. A¥/D°

ratio is gotten by fitting data points from STAR with model calculations. - -
6.10 A}/DP ratio as functionas (N, ). =« =+ c 0

6.11 The primary tracks p; distribution in this simulation are sampled from iden-

tified particle spectrum in Au+Au 200 GeV collisions measured by STAR

and PHENIX[175_177] ...........................

6.12 The black line is D° spectra in PYTHIA event after scaling while the data
point is that in Aut+Au collision at 60-80% centrality from STAR measure-

ments A L T R R R N R

XX



List of Figures

6.13

6.14

6.15
6.16

6.17

6.18

6.19

6.20

6.21

6.22

The fraction of the backgrounds with at least one charm decay daughter in
the total background ratio at 0-80% centrality. - - - - - - - - - - - -
TOF detector performance used in this simulation. - - = - - - - = - - -« - -
The schematic diagram of A} decay topology. - - = - =+ =+ = -« - - - -
This plot shows an example of TMVA response with BDT method, such
as the background efficiency (red line), signal efficiency (blue line), and
estimated significance (green line) as a function of the cuts on the evaluated
BDT Value. ...................................
Projected A invariant mass distribution in minimum bias events under “No
PID” scenario. The projection is based on the assumption that we have
totally 240 billion minimum bias events. - - =« =« =« - oo
Projected A, invariant mass distribution at 0-80% centrality with total 240
bllllon EVENLS. * & * ¢ ¢ st e e e e e e e e e e e e e e e e e e e
Projected A invariant mass distribution at different centralities under “No
PID” scenario. The projection is assuming that we have totally 240 billion
minimum bias EVENLS. * © * ¢ ¢ ot e e e e e e e e e e e e e e
Physics projection plot of Af/D0 at 0-10% centrality and the comparison
Wlth mOdel Calculations. ............................
The projected A7 signal significance in different centralities under different
PID Scenarios. .................................
The projected A} signal to background ratio in different centralities under

different PID ScenariOS J T

XXI






List of Tables

2.1

3.1
3.2
33

4.1
4.2
4.3

5.1

6.1
6.2

List of Tables
Basic parameters for different layers of HFT [108].- - - - - = - = - = - - - - 29
Number of events used in this analysis - - -~ - = - =« = - oo e 34
Inclusive electron selection track quality cuts for both energy - - - - - - - - 36
Inclusive electron selection PID cuts for both energy - + - - - - -« - - - - - 37
Statistics and events number in this analysis: - = = - - - o oo 67
DO topological cuts in Runl4 - - - -« - -« oo 69
DY topological cuts in 0-10% centrality in Runl6 - - - - - - - - - - - - - - 70
Decay channels used in the D — e v, simulation. - - - - - - - - - - - - - - 86
Weights for the centrality dependence of AY/D° (w). - - - - - - - - - - - - 106
Weights for the centrality dependence of D spectra (w,). - - - - - - - - - - 106

XXIII






Chapter 1  Introduction

Chapter 1 Introduction

1.1 The elementary particles and interactions

The Standard Model (SM) is a theoretical framework that describes the behavior of
all known subatomic particles and their interactions. It addresses three of four funda-
mental forces in the nature including the strong, weak and electromagnetic forces. Grav-
ity is the only fundamental forces that is not included in the SM. The standard model
is based on the gauge group SU(3)xSU(2)xU(1). The SU(3) component of the stan-
dard model derives from the strong interactions and SU(2)xU(1) is from electroweak
interactions.

three generations of matter interactions / force carriers
(fermions) (bosons)

o

=124.97 GeV/c?
charge | % % % t 0

spin | % u % C % 0 H

up charm top gluon higgs
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/
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Fig. 1.1 [Elementary particles described in the standard model. These particles are regarded
as point-like particles and do not have inner structures. The first 3 column in the left
are quarks and leptons. The particles in the fourth column are vector gauge bosons.

The higgs boson is in the fifth column. Figure is from [1].

In the standard model, matters in the universe are made up of point-like matter par-
ticles, while particles interact with each other by the exchange of force carrier parti-
cles.The elementary particles described in the SM are summaried in Fig. 1.1. After
2012 when Higgs boson was discovered in the Large Hadron Collider (LHC), all of 17
elementary particles have been discovered in the experiments. According to their spin,
these particles can be classified into fermions with half-integer spin and bosons with
integer spin.

Force carrier particles are gauge bosons. The strong interaction carrier is gluon

g, and weak interaction is Z° and W*, and electromagnetic interaction is photon .
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Apart from these gauge vector bosons, standard model also introduce a scalar boson
Higgs to explain why fermions and weak interaction gauge bosons have mass. Matter
particles are all fermions, including quarks and leptons. Both quarks and leptons can
be classified into 3 generations according to their properties. There are totally 6 quarks
flavors discovered in the universe, including up (x) and down (d), charm (¢) and strange
(s), top (¢) and bottom (b). u, ¢ and t carry +§ electron charge, while d, s and b carry —%
electron charge. Besides of electric charge, quarks carry color charge and weak charge.
So they are able to participant in strong, electromagntic and weak interactions. The
leptons also have 6 species, including electron (e™) and electron neutrino(v,), muon (u™)
and muon neutrino (v,), tau (z7) and tau neutrino (v,). Charged leptons carry electric
charge and weak charge and are able to participate in electroweak interaction. Neutrinos
are neutral particles and only participate in weak interaction. All these particles have
corresponding anti-particles with the same mass but opposite charges (such as electric
charge, color charge and weak charge).

There still remain some important questions that standard model cannot answer,
such as the nature of the dark matter, why matters and anti-matter is asymmetric, the
non-zero mass of neutrino, and so on. Although standard model is not perfect, it has
successfully explained almost all experimental results and given plenty of precise pre-

dictions up till now. In this thesis, we are focusing on the study of strong interactions.

1.2 Quantum Chromodynamics

In the standard model, Quantum chromodynamics (QCD) is the gauge field the-
ory that describes the strong interactions of quarks and gluons based on SU(3) [2-7].
Additional quantum number is introduced for strong interactions, called color charge.

The first hint of the color charge was arguably the discovery of A™*

1951[8]. In the Quark Model which had been developed firstly, the flavor and spin

baryon in

of the AT baryon is |[A*" >= |u'u'u" >. The wave function of the A™™ is symmetric in
the quark model, while A** is a fermion and must have an anti-symmetric wave func-
tion. This mystery can be solved by introducing a new quantum number, color [3-4].
Then the A™ baryon wave function can be arranged anti-asymmetric with its 3 quarks

T

having different colors |A™ >= ¢V klui u;u, >. The number of color charge (N,) can

be obtained by measuring “R-value” in ete™ collisions. At energies well below Z res-
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onance production threshold (\/_ ~ 90GeV), R is proportional to N, [6, 9]

N

o(ete”™ — hadrons 4

Ry, = ZE& QO L N Y 0 (1.1)
o(ete” - putu-) =

There are 3 kinds of color charge (IN,=3): red, green and blue. Every quark carries one
of the three color charges (anti-color charge for anti-quarks) and every gluon carries one
color charge and one anti-color charge.

The Lagrangian of QCD is given by [10]

_ | v
L= 2 Wiy, 80 = &1 1 AL = maB)Wyy = ZFvaA“ (1.2)
q

where repeated indices are summed over. The y* are the Dirac y-matrices. The y_,
are quark-field spinors. The g refer to the quark flavor and a is the color index running
from 1 to N, = 3. m, is the quark mass. The Ag are the gluon fields with index C (C
=1, .., N> — 1 = 8, which corresponds to 8 kinds of gluons). tfb are the generators of
the SU(3) group encoding the fact that a quark’s color can be rotated by its interaction

with a gluon in SU(3) space. The field tensor F ,4Av is given as follows:
FAuv =0, A7 — 0,4y — &, [ spc AL AT (1.3)

where f, g are the structure constants of the SU(3) group with [t#,15] = i f , 3t€. The
quantity g, is the QCD coupling constant, which is often written as @, = g2/4x. The

coupling constant «, is the only fundamental parameter in QCD besides quarks mass.

1.2.1 The running coupling

In Quantum Electro-Dynamics (QED), the virtual electron-position pair excited
by the propagator photon would partially screen the interaction between two electric
charges. This screening effect results in the scale dependence of the QED coupling
constant. It would increase if the two electric charges get closer. Such screening effect
also exits in QCD. As is shown in Fig. 1.2 Feynman diagrams (a), quark and anti-quark
pair is excited in the vacuum due to the presence of color charge. However, different
from photons, gluons carry color charges, so they could have self-interaction. Gluons
could scatter and absorb gluons in the QCD vacuum, as shown in Fig. 1.2(b). The col-
ored gluon clouds excited around the two color charges would enhance the interaction
between the color charges (anti-screening).

Let’s go back to the QCD calculations. The value of the QCD coupling constant a;

depends on the renormalization scale x. The dependence can be written as the following

3
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q q q q

(a) (b)
Fig. 1.2 The Feynman diagrams illustrate the lowest order of screening (a) and anti-screening

(b) effect between the color charges in the polarization of vacuum.

normalization group equation:
day(uy)  da,(4’)
= = = Bla, (1)),
duy dln py (1.4)
fla,) = —a’(by + bla, + b2a? + ...)

The 1-loop p-function coefficient by, = (11C, — 2n,)I(127) = (33 =2n,)/12x where ny
is the number of “light” quark flavors whose mass is lower than y. Opposite to QED,
the sign of the QCD f-function in Eq. 1.4 is negative. This gives rise to the phenomena
that as the increase of energy scales the a, becomes smaller. The leading order of the

perturbative solution for a; is:

oy (1) 3 1
1+ boa, () In(ulpg) — boln(uP A p)

The perturbation approximation is only valid with scales y > A, p (a; < 1). The non-

a,(u) ~ (1.5)

perturbative constant A, is determined experimentally (Aycp =~ 200 MeV). When
u 1s taken close to the momentum transfer Q, a, represent the effective strength of the
QCD interaction in the process. Fig. 1.3 shows the experimental measurements of a, at
different energy scales. It is a common practice to take the reference y, at the mass of Z
boson since some precise measurements come from Z decay. The current world average
isa,(M,) = 0.1179 + 0.0010 [11]. The curves in Fig. 1.3 shows the QCD prediction
corresponding to the labeled a (M ,). The QCD predicted value is consistent with data.

From Eq. 1.5 and Fig. 1.3, it is easily inferred that at very large momentum transfer
0% > AZQC b
a, — 0, known as asymptotic freedom. This property allows us to solve QCD with

or equivalent to short distance, quarks and gluons will not interact as

pertabutive method at large energy scales, which we will discuss in next section. On

the other hand, at low momentum transfer Q% ~ A or equivalent to longer distance,

2
QoCD
4
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the QCD coupling will increase quickly. Pertubative QCD does not work anymore and
should be replaced by non-pertubative QCD.

There have been no isolated quarks ever observed while all of the hadrons observed
are in color neutral states. The color confinement has been a widely accepted hypothesis
that hadrons must exist in color singlet state that the sum of all color charges equals to
zero and quarks can only exist confined in hadrons. If the quark is forced to be seperated
from the hadron, the interaction between the color charges will become extremely strong
and the quarks cannot escape from the hadron state. Actually before the energy is high
enough to separate the quark pair, new quark and anti-quark pairs pop up from the
vacuum by the gluonic field between the quark pair and hadronization process would

happen.

0.35
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DIS jets (NLO) i ]
Heavy Quarkonia (NLO)
e'e” jets/shapes (NNLO+res)
pp/pp (jets NLO) H&
EW precision fit (N>LOY-— 7]
pp (top, NNLO) =
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T
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Fig. 1.3 Summary of current measurements of the QCD coupling constant o, as a function
of the energy scale Q. The measured data points agree with the curve from QCD

calculations. The picture is taken from [11].

1.2.2 Approach to solving QCD

Two main first-principles approaches to solving QCD are Perturbative QCD
(pQCD) and Lattice QCD (LQCD). There are also some phenomenological models such
as bag model, constituent quark model, etc. We will only introduce pQCD and LQCD
here.

1. Perturbative QCD

As we have mentioned above in «; calculation, at large energy scale (roughly O >

several GeV) when a, < 1, perturbation theory techniques are applicable. The idea for

Perturbative QCD is that in a small coupling a; < 1, a given physics observable can be
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written into series expansion of a, [5]:

f=fia, + fra> + fra2 + ... (1.6)

One may just calculate the first n terms of the series with understanding that the remain-
ing ones are small enough to be ignored. f; is calculated from Feynman diagrams. Note
that the calculations are still interactions between partons while there is no free quark
or gluon observed. For more practical cases such as hard scattering process, pQCD re-
lies on QCD Factorization Theorems as an approximation. It factorizes short-distance
parton level process from perturbative calculations and long-distance physics from mea-
surements [12-14]. Long-distance contributions are described as measurable universal
functions, such as parton distribution functions, fragmentation functions, multi-parton
correlation functions and so on. pQCD is successful in the calculation of heavy quark
and jet production cross section in hard scattering process.
2. Lattice QCD

Lattice QCD is a non-perturbative implementation of field theory using the Feynman
path integral approach [15]. It is QCD formulated on a discrete Euclidean space-time
grid. The quark fields are defined at the vertices of the 4-dimensional lattice and the
gluons propagate along the link of vertices, and then we are able to utilize numerical
simulations to extrapolate the continuum limit to get the solution. This method requires
properly modeling of the action and is suitable for the calculation of static quantities in
QCD such as the hadron mass spectrum [5]. For quark gluon plasma related calcula-
tion, LQCD are build upon the Euclidean formulation of equilibrium thermodynamics.
It plays important role in the calculation of thermodynamic property of quark-gluon
plasma in local thermal equilibrium, but is challenging in describing time-dependent

phenomena such as QGP transport coefficient.

1.3 QCD phase transition and QGP

Due to the “asymptotic freedom” property of @, one may imagine that at high tem-
peratures, the interactions between quarks and gluons become weak due to the large
thermal energies. When the temperature is high enough, the hadronic system dissolves
into a system of quarks and gluons. This new phase of matter is called Quark Gluon
Plasma. Tt is believed that quark gluon plasma filled the early universe during 107%s
after the Big Bang. During 107> — 10™*s after the Big Bang, as the temperature de-
creased, the universe then experienced a continuous QCD phase transition and hadrons

are formed. We may also create “Little Bang” in relativistic heavy ion collisions by

6
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hadron collider in the laboratory to study QGP. It is also expected to find QGP at high
baryon density such as the core of superdense stars such as neutron star and quark star.
We will not discuss it here and more details could be found at [16].

300
E i f th
:gﬁgst:ﬁ?vgrsee The Phases of QCD
Au+Au 200 GeV
250 collision 7
Au+Au 27 GeV Quark-Gluon Plasma

collision SH

200 - : ~,

Temperature (MeV)
g

PR IR ST R
0 200 400 600 800 1000 1200 1400 1600

Baryon Chemical Potential p (MeV)

Fig. 1.4 The schematic of our current understanding of the QCD phase diagram as a func-
tion of temperature and baryonic chemical potential 5. 1 represents the excess of
quarks over anti-quarks. The yellow shadow indicates the crossover between QGP

and hadron gas. The picture is taken from [17].

Figure 1.4 illustrates our current understanding of the expected feature of the phase
diagram of QCD matter in terms of temperature (T) and the baryonic chemical poten-
tial (up) [17-18]. Baryonic chemical potential represents the excess of quarks over
antiquarks. Around uz=0, where the density of quarks and antiquarks are almost equal,
the phase transition from QGP to hadron gas is a smooth crossover. As LQCD calcula-
tions are more and more accurate now. The predicted temperature of crossover occurs
at up =01s T, = 154+9 MeV (critical temperature) [19]. The crossover region is indi-
cated as the yellow shadow in Fig. 1.4. When the p goes higher (about 300<pu <1100
MeV), the continuous cross over between QGP and hadronic matter turns into first order
phase transition. It is generally believed that the end of the first order phase transition
is a critical point as is pointed in Fig. 1.4. In Aut+Au collions at \/@ = 200 GeV
which is at RHIC top energy, the baryonic chemical potential is very close to zero.
At lower collision energies, the initial baryon number of the incident nuclei gradually
makes larger contribution to the QCD matter formed in the collisions. So it is possible
to increase up and scan the QCD phase diagram by decreasing collision energy. The red
data points in Fig. 1.4 are measured by the RHIC Beam Energy Scan (BES) program.
The second phase of the BES program with high statistics is undergoing during 2019-
2020+ [17, 20], the central goal of BES is to determine whether the critical point does
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exist. Other planned or undergoing phase space scan program are also illustrated in Fig.
1.4. At extremely high baryon density but low temperature region, it is predicted that
the cold dense quark matter would behave as a color superconductor [21]. Such cold
and dense matter is expected to only be found in the core of neutron stars. We expect
the measurements of neutron stars via the gravitational waves and X-ray observations

could give us a view of properties of cold dense quark matter.

rrrrrrrrrrrrrrr i rrrrrrrrr T

non-int. limit
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4 3s/4T3 .
T [MeV]

0
130 170 210 250 290 330 370

Fig. 1.5 Pressure p, energy density €, and entropy density s of the hot QCD matter as a func-
tion of the temperature from LQCD calculation (bands in the plot). The darker
lines refer to the hadron resonance gas (HRG) model prediction. The yellow vertical
shadow indicates the cross-over region. The horizontal dash line at 957%/60 corre-
sponds to the energy density of the ideal non-interaction gas limit (Stefan-Boltzmann

limit). The figure is from [19].

The QCD equation of state (EOS) from (2+1)-flavor QCD calculation is shown in
Fig. 1.5, such as the pressure p, energy density € and entropy density s = (p+¢€)/T as a
function of temperature T. (2+1)-flavor refers to two light quark (u, d) plus one heavier
strange quark s. It is obtained by integrating of the temperature derivative of the QCD
partition function (In Z). The calculation corresponds to the vertical axis of the Fig. 1.4
where net baryon density equals to zero. This plot also indicates that the phase transi-
tion is a continuous cross over around 7' ~ 150 MeV at ugz = 0. The cross over region
is indicated as yellow shadow in the plot. At low temperature, Hadron Resonances Gas
(HRG) model (darker lines in the plot) is expected to have good description on all ther-
modynamic quantities, in which all the hadron and hadron resonances are assumed as
non-interacting particles. Lattice calculation is consistent with HRG at T < 155 GeV.
At extremely high temperature T — oo, as the coupling between quarks and gluons is
weak enough to be ignored (due to “asymptotic freedom”), the thermodynamics quan-

tities will eventually reach Stefan-Boltzmann limit, indicated as the upper dash line in
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the plot. This also suggests that QGP produced in the heavy ion collisions should be a
strong coulping quark gluon liquid instead of weakly interacting gas. The parametrized

EOS serves as the input for hydrodynamic models in the heavy ion collisions [18].

1.4 Relativistic heavy ion collisions

Lattice QCD predicts that the quark gluon plasma, which once could be found at
anywhere of the early universe, can be created in relativistic heavy ion collisions. Two
big questions for the study for QGP in heavy ions collisions are: (1) does this matter
really formed in the heavy ion collisions? (2) what are the evolution and properties of
this hot medium? In this section, the basic knowledge of heavy ion collisions will be

introduced.

1.4.1 Collision geometry

In heavy ion collisions (HIC), the de Broglie wavelength of the nucleons is much
smaller with respect to the radius of the nucleus (R), so the impact parameter b could be
used to characterize the geometry overlap of the two nuclei. Experimentally, depending
on the impact parameter, events are classified into the degree of centrality. When b = 0,
the collision is regarded as most central collision with centrality 0%. The nucleons
in colliding nuclei are classified as participants (marked as dark blue in Fig. 1.6) and
spectators (light blue area in Fig. 1.6), according to whether they participant in at least
one inelastic collision or not. Impact parameter b cannot be measured directly. In the
experiment, event centrality can be defined by the measurable quantities that changes
monotonically with b and then taking advantage of models. For example, we measure
either number of charged particles N, by TPC, or spectators (or participants N,,,,) by
the detector at zero degree from the beam direction (ZDC). These would be set as the
inputs for the Glauber model simulation of nuclear collision geometry. The average

number of binary collisions <N _,;,>, and b can be calculated from Glauber model [22].

1.4.2 Space-time evolution of the collision

Figure 1.7 shows the system space-time evolution in a typical heavy ion collisions.
Let’s start with the time before the collision happens. When two nuclei fly head to
head in a velocity close to the speed of light, they look like “pancake” due to Lorentz-

contraction along the beam direction in center of mass frame. They pass through each
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Participants

Spectators

7 direction
Fig. 1.6 The schematic diagram of impact parameter b, participants in overlap zone of the

nuclei (marked in dark blue), and spectators (marked in light blue) in nucleus-

nucleus collision.

other, deposit a large amount of energy in the overlap zone, and leave behind a highly

excited and longitudinally expanding nuclear matter [23].

Nuclear collisions and the QGP expansion
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Fig. 1.7 This plot illustrates the space-time evolution of heavy ion collisions. The picture is
taken from [24]

During the first 0 < 7 < 7, ~ 1 fm/c, the system experiences pre-equilibrium stage.
The initial collision happens within a very short period 7 < 2R/y,,,,¢ (R is the nucleus
radius). The energy density in this stage is very high as a result of Lorentz contraction.
Shortly after initial collision, the system reaches approximate local thermal equilibrium
in about 1 fm/c. It has aroused interests from theory community for a long time to
provide approximate explanation on why such local equilibrium can be established so
fast because the coupling is expected to be weak due to “asymptotic freedom”. A recent

theoretical overview could be found at [25].

When the system is close to local thermal equilibrium, the subsequent evolution can

10
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be described by relativistic hydrodynamics before hadronization happens (7, < 7 <
Th.q0)- The observation of large elliptic flow from the experiment strongly supports the
idea that QGP created in heavy ion collisions is a droplet instead of gas. We will fur-
ther discuss experiment findings in next section. If the local equilibrium has achieved

perfectly and QGP is an ideal liquid with infinite coupling (ideal hydrodynamics, mean

free path 4,,,, equals to zero), the system can be described by relativistic Euler equa-
tions T}, = eu'u’ + PA" and obeys energy-momentum conservation 0, 7+". Where

e is the energy density, P is the pressure, and u* is the four velocity. For more realis-
tic case, considering near-equilibrium correction and finite coupling (viscous hydrody-

namic model), the stress tensor is corrected with viscosity part:

T =T}  +=z" + A" (1.7)

idea

where IT refers to bulk stress and z*¥ is shear tensor [26]. The first order expansion
of Shear tensor z*¥ in Eq. 1.7 is given as 7*" = —no*”. The unitless quantity specific
viscosity #n/s is defined, where s is the energy entropy. Figure 1.8 is the selected hy-
drodynamic model calculations under different viscosity value, the initial condition of
which is from color-glass-condensate model (CGC) [27]. The estimated specific vis-
cosity is #/s = 0.08 —0.16 in Au+Au collisions at \/% = 200 GeV [28-30]. The small
viscosity also indicates that our observed final-state particle properties, such as multi-

plicity and collective motion, still carry sufficient information of initial stage conditions.

When the system is below critical temperature 7T, quarks and gluons convert to
hadrons. As the energy density and temperature decrease, the inelastic scattering
rate between different hadron species gradually become too slow to maintain chemi-
cal equilibrium. As a result, the yield of final stable hadrons in the system will not
change any more, called “chemical freeze-out”. The hadrons will still change their mo-
menta through elastics scattering after chemical freeze-out, until the system decreases to
“Kinematic freeze-out” temperature. Kinematic freeze-out refers to that the momentum
distribution of hadrons will not change any more. After that, the system can be regarded
as non-interaction gas. In the hadronic phase, the collective expansion is so fast that
the system is hard to maintain local thermal equilibrium. For precise description, the
macroscopic hydrodynamic model should be replaced by a microscopic solution of the
coupled Boltzmann equations for various hadron species, namely “hadron cascade” [33-
35]. For many observables, viscous hydrodynamic model still have a good description

in hadron phase until the defined freeze-out temperature T,

11
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Fig. 1.8 Elliptic flow v, for charge particle measurements in Au+Au collisions at /sy = 200
GeV and its comparison to hydrodynamic model with different specific viscosity #/s.
Right plot shows the charge hadron v, as a function of p; in minimum bias events
from STAR [31]. Left plot is the integrated p; v, as a function of <N,

PHOBOS [32]. The initial energy density distribution for the model curves in the

> from

plots is from color-glass-condensate (CGC) models. The estimated specific viscosity

of QGP at RHIC energy is 0.08-0.16. The picture is taken from [29].

1.4.3 Experimental observable

1. Flow

Before the experiments at RHIC started, people didn’t know if the QGP created at
RHIC would be a weakly-coupled quark-gluon cloud because of “asymptotic freedom”
of QCD, or a strong interaction system as QCD is still strongly-coupled around critical
temperature. In gas picture, the azimuthal distribution of the final state particles is ex-
pected to be isotropic, because the momentum direction of a gas particle should be ran-
dom. On the other hand, if a strongly-coupled liquid is formed from deconfined quarks
and gluons, the system will expand faster in the direction with larger gradient pressure.
As a result, the initial anisotropic distribution of the energy converts into momentum
anisotropy. In the experiment, the anisotropic particle distribution in momentum space

can be described as the Fourier decomposition with respect to the reaction plane:

>N d*N <
E — (1+ ) 2v,cos[n(¢p — ®)])
d3p 2xprdprdy ,;1 (1.8)

v, = (cos[n(p —D)]), n=1,2,3, ...

Where @ is the reaction plane angle. The second coefficient v, is called elliptic flow.
Fig. 1.10 shows the first measurement of v, versus centrality at RHIC from STAR
[36]. The centrality is expressed by average charged particle multiplicity in each bin

over sthe highest multiplicity observed n,,/n The highest n_,/n,,,, refers to the most

max: max

central collision. Just as hydrodynamic model predicted, elliptic flow is higher in more

12
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coordinate-space momentum-space

Fig. 1.9 The initial asymmetric energy density distribution in spatial space results in the

asymmetric particle emission in momentum space.
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Fig. 1.10 The first measurement of v, versus centrality at RHIC from STAR [36]. n,,/n

o

max

is the ratio of average charged particle multiplicity in each bin over the highest

multiplicity observed. The higher n_,/n,, refers to more central collisions. Open

max

rectangles are hydrodynamic predictions assuming zero mean free path.

peripheral collisions, where the initial eccentricity of the system is larger. The flow
behavior observed at RHIC strongly supports the idea that a strong coupling liqiud-like
QGP is produced at RHIC [37].

Figure 1.11 shows v, of various hadron species and inclusive charged hadrons as a
function of p; and the comparison with hydrodynamic models in Au+Au collisions at
200 GeV [24, 38-42]. At low py (pr = 1 ~ 2 GeV/c), the elliptic flow shows apparent
mass ordering with heavier particle having smaller v,. While at higher p;-, mass ordering
is broken and baryon tend to have larger v,. The mass ordering phenomenon can be
understood by hydrodynamic picture of the particle emisson from the fast expansion
fireball. To develop sufficient collective flow as the data presents, hydrodynamic model
reqiures that the pre-equilibrium is established within very short period of time ~ 0.2 —1
fm.

Another interesting phenomenon for elliptic flow measurement is NCQ scaling of

vy. NCQ is short for number of constituent quark n,. For meson n, = 2 and for baryon

13
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n, = 3. We can scale v, of various particle species with n, and plot v,/n, as a function

of (my —

my)/n,, as shown in Fig. 1.12. The data is from minimum bias events in

Au+tAu collisions at /sy = 62.4 GeV. At (my —mg)/n, < 1, all of the particles’ v,/n,

fall into a same curve. In heavy ion collisions, hardon at moderate p; is formed by the

competition of traditional fragmentation and quark coalescence. The quark coalescence

model assumes that quarks and antiquarks are the effective degrees of freedom in the

parton phase and they combine to form hadrons [43]. NCQ scaling phenomenon of

hadron v, is expected from coalescence model if the constituent quark of hadrons have

obtained elliptic flow before hadronization [44-45].

Fig. 1.11
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v, of various hadron species and inclusive charged hadrons as a function of p; and
comparison with hydrodynamic models [24, 38-42]. The data are from STAR and
PHENIX measurements in Au+Au collisions at /sy = 200 GeV in mid rapidity.
The figure is taken from [24].
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Fig. 1.12 Number of constituent quark number scaled v, for different hadron species in min-

imum bias events at Au+Au collisions at /sy = 62.4 GeV [42].
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2. Nuclear modification factor
When the partons, that are produced in the initial hard scattering processes of heavy
ion collisions, traverse the QGP medium, they lose energy via both elastic scattering
with particles in the medium (known as “collisional energy loss”) or gluon radiation in-
duced by the medium (known as “radiative energy loss”). The final state hadron spectra
will be modified due to energy loss of partons. To quantify the modification of hadron

spectra with respect to p+p collisions, nuclear modification factor is defined as:

dN" ldpr
(Npin) le?P/de

R, p(pr) = (1.9)

Where AB represents collision system, such as d+Au collision, Au+Au collision. (N,;,)
(also written as (N ,;,;)) is the average number of binary collisions which can be calcu-
lated by Glauber model [46], and A refers to our interested particles, such as identified
particle, inclusive charged hadron, etc.

Fig. 1.13 shows charged hadron R, in AutAu (R,,) and d+Au (R, ,) collisions
at m = 200 GeV as function as p;. Measurements of R,z in small systems, such as
d+Au and p+Au, are important for the study of cold nuclear matter effects. The hadron
production in intermediate p; (2<p;<6 GeV/c in Fig. 1.13) is enhanced in d+Au col-
lisions due to initial multiple elastic scattering, known as Cronin effect [47-48]. While
in A+A collisions, a large suppression of RZ 4 is observed at 2.5 < pr < 10 GeV/e,
suggesting the production of the hot medium. Fig. 1.14 shows the evolution of charged
particle (hadron) and pion R, , in various collision energies and systems (SPS [49-50],
RHIC [51-52], LHC [52-55]). Generally, the charged particle R ,, distributions are
suppressed (<1) over most of the p, range, reaching local maxima at p;, ~ 2 GeV/c and
local minima at p, ~ 7 — 10 GeV/c. Apart from Cronin effect and parton energy loss,
the final measured charged particle R, 4 is also affected by nuclear parton distribution
function, radial flow. At high p, (p; > 10 GeV/c), the suppression mainly results from

the energy loss in the medium, known as “jet quenching”.

1.5 Motivation of open heavy flavor measurements

Experimental evidences have confirmed the formation of QGP in relativistic heavy
ion collisions at RHIC and LHC over the last two decades. This strong coupling hot
QCD matter provides us a unique laboratory environment to study the strong interac-
tions. Due to their large masses, heavy quarks (c, b) are regarded as an excellent probe

to early dynamics of the system.
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Charged particle nuclear modification factor measurements in d+Au and AuAu

collisions at 200 GeV from STAR [56-57]. The figure is taken from [56].
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The measurements of charged particle (hadron) and pion nuclear modification fac-
tor R, , in Pb+Pb and Au+Au collisions at different energies (SPS [49-50], RHIC
[51-52], LHC [52-55]). The figure is taken from [55].

As m,, > Aycp, their production cross section are calculable by pQCD with “fac-

torization theorem”. Because their mass are much larger than typical QGP temperature

m., > Tyep, the thermal production of the heavy quarks are suppressed [58-59]. So

firstly they are predominately produced in the initial hard scattering process with a for-

mation time ~ 1/2my ~ 0.1 fim/c, before the formation of QGP. Secondly, the number

of heavy quarks is expected to be conserved throughout the evolution of the system.

Moreover, the thermal relaxation time of heavy quarks is expected to be larger than

light quarks by a factor ~ my/T =~ 5 — 20 (m,, refers to the mass of heavy quark).

The estimated charm quark thermalization time is on the same order as QGP life time

7o p at RHIC [60]. For one thing, different from light quarks (thermalized during pre-

equilibrium), whose evolution can be described within the hydrodynamic framework,

heavy quark thermalization and evolution process are described as a transport approach.
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For another thing, the spectrum modification of heavy flavor (HF) hadrons should still
carry information of their interaction history with the hot medium.
In the rest of this section, we will discuss the heavy quarks transport, energy loss in

the QGP and hadronization in the heavy ion collisions.

1.5.1 Collectivity - Heavy flavor electron v,

Heavy quarks are able to obtain collective flow by their interaction with bulk parti-
cles in the medium. At low momentum, their interaction with the bulk particle is dom-
inated by frequent elastic scattering with relatively small momentum transfer Q ~ T
compared to the typical thermal momentum of a heavy quarks ptzh ~ 3m,T (Nonrela-
tivistic). Thus, heavy quark propagation in the QGP can make an analogy to “Brownian
motion” in light particle liquid [61]. Their diffusion in the medium can be described by

classical Langevin equation as [62]:

-

d L o
d—f = —np(F + &) (1.10)

Where 7, is the drag coefficient and & denotes the random force. In some models, a third
item f = —dp,/dt is added in the right of Eq. 1.10, describing the recoil force exerted
on heavy quarks due to gluon radiation and 15; denotes the momentum of radiated gluons
[63].
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Fig. 1.15 The measurement of D’ v, in Au+Au collisions at /s,y = 200 GeV. The left plot
is NCQ scaled v, as a function of (m — mj)/n,. The right plot is D° v, versus p;

compared to model calculations.

The spatial diffusion coefficient describes the broadening of the spatial distribution
with time which is defined via: <x2 > —(x)* =2d D t, where x(t) is the particle’s position
and d donotes the dimensions. It characterizes the heavy quark transport property in the
QGP. The solution of D, is given as [62]:

D, = lim
po=0 mphp
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The dimensionless scaled HF diffusion coefficient 22T D; is believed as carrying uni-
versal information of QGP, similar as shear viscosity #/s and electric conductivity
[60, 64]. The basic physics observables that are beneficial to the constraint of 227D,
are nuclear modification factor R, , and elliptic flow v, of charm and bottom hadrons
or their decay daughters.

Fig. 1.15 shows the v, of D meson and various light flavor hadrons scaled by NCQ
scaling as function as (my — mg)/n, in AutAu collisions at m = 200 GeV [65].
The D° obtain a large v, that follows the general trend as those of strange hadrons.
The result suggests that charm quark may be close to thermal equilibrium in Au+Au
collisions at m = 200 GeV. Fig. 1.18 shows D’ R, measurements from RHIC.
A local maximum is observed in D° R, distribution at low p; ~ 2 GeV/c due to the

collective motion of the charm quark, known as “flow bump”.
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Fig. 1.16 Charm quark spatial diffusion coefficient 277D, as a function of reduced tem-
perature T/T,. from lattice QCD calculation [66-68], pQCD calculation [62, 69],
Ads/CFT calculation [70], QPM calculation [71], Duke model [72], T-matrix ap-
proach [73]. The initial temperature 7, used in TAMU model [74] in Au+Au colli-
sions at 62.4 and 200 GeV are indicated with blue arrows. Only the theory calcu-
lations within the blue box can describe D° R, , and v, data in Au+Au collisions at

v/Snyn = 200 GeV. The picture is taken from [64].

A summary of the spatial diffusion coefficient 22T D, as a function of temperature
from theoretical calculations is shown in Fig. 1.16 [64]. The blue box on Fig. 1.16
points out the theoretical calculations that can simultaneously describe D R , , and v,
data in Au+Au 200 GeV collisions. Current theoretical calculations of 22T D still have

a large uncertainty as we can see from Fig. 1.16. As the initial temperature decreases
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with decreasing collision energy, heavy flavor measurements at low energies are bene-

ficial to constrain the temperature dependence of charm quark 27T D;.
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Fig. 1.17 Measurements of heavy flavor electron in Au+Au collisions at 39, 62.4 and 200 GeV
from STAR [75].

Previously, STAR has measured the elliptic flow of heavy flavor electrons in Au+Au
collisions at 39 and 62.4 GeV, as shown in Fig. 3.36 [75]. However, due to the limited
statistics, the uncertainties are too large to get solid conclusion. During RHIC year 2017
and 2018 run, STAR collected large data samples in Au+Au collisions at m =27 and
54.4 GeV, the statistics of which is ten more times compared to that of 62.4 GeV data
taken in 2010. So it is expected that the precision of measurements on heavy flavor

electrons v, will be improved now. The analysis details will be discussed in Chapter 3.

1.5.2 Energy loss - D** production

As we have introduced in section 1.4.3, partons lose energy in the hot medium
through elastic scattering or gluon radiation. It is expected that radiative energy loss
is the dominant source accounting for the energy loss of high p, partons if making anal-
ogy to electromagnetic interaction. The gluon emission of a heavy quark is expected to
be suppressed at angles smaller than © < my/E, where m, is the mass of the quark,
E is the quark’s energy, and @ approximately equals to the ratio of gluon’s transverse
momentum over its energy [76-77]. This is known as “dead cone” effect. For gluons, as
they carry more color charges than quarks, they are more likely to emit gluons. It can be
inferred from above discussion that there would be an energy loss hierarchy for gluons

and various quarks species: AE, < AE, < AE

u,d,s

< AE,. Thus it was predicted that
R, 4 of HF hadrons or their decay daughters is expected to be less suppressed than light
flavor mesons [78]. However, measurements at RHIC show that the suppression level

of charm hadrons (or decay daughters) is comparable to that of light flavor hadrons up to
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pr < 10 GeV/c (Heavy flavor electron: [79-81], D°: [82-83]). The experiment results
indicate that collisional energy loss also make non-negligible contribution. The final

measured R 4 4 is also affected by the initial parton spectra and hadronization process.

L5 (@ AutAu sy, =200 GeV 0-10%

e oD’

<« [wDALCE276Tev ‘ . "

15 w w : : :

(b) O m0-12% STAR 200 GeV
O h*0-5% ALICE 2.76 TeV

Fig. 1.18 The upper panel is the measurement of D R, , in Au+Au collisions at /sy = 200
GeV [84] and average D meson in Pb+Pb collisions at /sy = 2.76 TeV [85]. D°
R, 4 is compared with pions [86] and charged hadrons [87], shown in the bottom

panel. The figure is taken from [84].

Open heavy flavor measurements is beneficial to understanding the role of colli-
sional and radiative energy loss. Fig. 1.18 shows current D° R, , measurement from
STAR. But to get a complete story of charm quark, measurements of other charm
hadrons are required, as the constituent quarks of D° is cii and the R, , structure might
be contributed by i too. D** is an indispensable piece for this study, as nearly 24% of
charm quarks will hadronized to D**: ¢ — D (0.614), ¢ — D** (0.239). The analysis
of D* production will be discussed in Chapter 4.

1.5.3 Hadronization - simulation of A} production

At large momentum transfer with a perturbative scale, hadronization can be de-
scribed as fragmentation process. A color-singlet parton i with momentum p; is
hadronized into hadron A with momentum p, = zp, (0 < z < 1), and the fragmen-
tation function D,_, ,(z) refers to the probability of finding hadron 4 in parton i. It can
be measured in e*e” or ep collisions. However fragmentation picture is challenging in
describing the formation of lower p, hadrons as it becomes non-perturbative. Quark
coalescence can be an important mechanism for quarks production at low p;, espe-

cially in heavy ion collisions. In this picture, a naive description is deconfined quarks
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and anti-quarks are recombined into bound state hadrons. Based on quark coalescence
framework, the magnitude of charm quark elliptic flow can be unfolded from the ellip-
tic flow of charm hadrons, which provides information of charm quark thermalization
level. A good understanding of heavy quark hadronization process are important for
precise extraction of heavy quark diffusion coefficient from R, , and v,.

Heavy quarks are dominantly produced in initial hard scattering process, the to-
tal number of which is nearly conserved. Thus they serve as a good tool to study the
hadronization mechanism in heavy ion collisions. Hadronization is generally studied
by taking the ratio of different hadron species. Coalescence models have predicted the
enhancement of D;/D° ratio in A+A collisions with respect to p+p collisions due to
the enhanced strangeness production in A+A collsions [88-89]. A baryon to meson en-
hancement in heavy ion collisions is also expected by coalescence models. Fig. 1.19
shows A¥/D and D;/D° measurements from STAR and LHC. Although different coa-
lescence models all predict the enhanced A}/D° ratio, they have a large discrepancy at
pr < 3 GeV/c. The enhancement of A]/D° and D?/D° ratio also indicate that A} and
D! make large contribution to total charm cross section at low p;. More precise mea-

surements over a broad momentum range are desired in the future SPHENIX program
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Fig. 1.19 Left: Measurements of A*/D° ratio as function as p, in Au+Au collisions at RHIC.
Right: Measurements of Aj/D0 ratio as function as p, in Au+Au, Pb+Pb and p+p
collisions.The enhancement of AY/D° and D}/D° are observed in A+A collisions

with respect to PYTHIA calculations in p+p.
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Chapter 2 Experimental set up

2.1 The Relativistic Heavy lon Collider

The Relativistic Heavy lon Collider (RHIC) is one of the two operating heavy ion
colliders in the world, located at Brookhaven National Laboratory in New York. RHIC
started its first physics run at 2000, which was the first and highest-energy heavy ion
collider at that time. The beam energy of RHIC could reach 100 GeV/nucleon for Au
ion and 250 GeV for proton. One of the primary goal of RHIC is to study the formation
and properties of QGP. RHIC is also the only polarized proton collider in the world,
which enables the study of spin physics at RHIC energy. The STAR detector is the
only detector that is currently operating at RHIC. Apart from STAR, another 3 detec-
tors had ever operated at RHIC for heavy ion physics since 2000, including PHENIX
(2000~2016), PHOBOS (2000~2005), and BRAHMS (2000~2006). A new state-of-
art detector sSPHENIX is under construction and will be located at the old PHENIX
hall, which is expected to start taking data in 2023. The proposed major upgrade for
RHIC is eRHIC [91], the design of which has been selected by US DOE for the future
Electron-Ion Collider (EIC) [92] in the United States in 2030s.

PHENIX
(SPHENIIX) ©

LINAC NSRL M
e %ﬂ%

R T WO

Bo‘os‘T'ER

Fig. 2.1 The Relativistic Heavy Ion Collider at Brookhaven National Laboratory. The ion
beams start at EBIS, then they are delivered to Booster, and followed by AGS. They
will reach a energy of 10.8 GeV/u and travel at a speed of 99.7% light-speed before
being injected into the RHIC. The STAR detector is located near the AGS-to-RHIC

Transfer Line.
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Fig. 2.1 shows the schematic view of the RHIC. For Au+Au collisions, the Au***
ions are created from Au atom by Electron Beam Ion Source (EBIS) with an output
energy 17 keV/u. Then the ion beams are accelerated by two small linear accelerators.
The Au ion beams are required to reach 2 MeV/u before being delivered to the Booster

32+ are accelerated to

Synchrotron (Booster), which is a small circular accelerator. Au
95 MeV/u in the Booster, traveling at about 37% the speed of light. They are stripped
again at the exit of the Booster and turn into Au’’*. Then they enter the Alternating
Gradient Synchrotron (AGS) and are further accelerated to the RHIC injection energy
0f 10.9 GeV/u. The Au ions are fully stripped to become Au’"" at the exit of AGS. Then
they are transferred to RHIC through AGS-to-RHIC beam transfer line [93-94]. For
polarized protons, they are first accelerated to 200 MeV in the Linac, then transferred

to the Booster, and followed by AGS and RHIC.

2.2 The STAR detector

HFT (2014-2016) B

4

T -~

Fig. 2.2 The schematic view of the sub-detector systems of STAR.

The Solenoidal Tracker at RHIC detecter (STAR) was designed for the measure-
ments of high multiplicity environment in heavy ion collisions [95]. It is a cylindrical
detector covering middle pseudo-rapidity range (|n| < 1) with a full azimuthal cover-
age. Fig. 2.2 shows the schematic view of the sub-detector systems of STAR.

The main tracking device is a 4-meters-long Time Projection Chamber (TPC), which
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will also provide particle identification (PID) through the ionization energy loss of the
particle in TPC gas. Inside the TPC there is Heavy Flavor Tracker (HFT), which op-
erated during 2014-2016. HFT has provided excellent pointing resolution for charged
particles, largely improves the significance of charm hadrons measurements. Another
important sub-detector for PID is Time of Fight (TOF). Particles are identified by the
information of reversed velocity (1/§) provided by TOF. Outside the TOF detector is
the Barrel Electromagnetic Calorimeter (BEMC) [96]. The particles’s energy deposited
in BEMC and the shape of the shower are beneficial to the separation of high p; elec-
trons and hadrons. The STAR magnet system, resting outside of BEMC, provides a
nearly uniform field parallel to the beam direction with an operating range from 0.25 T
t0 0.5 T (B ~ 0.5 T in this thesis) [97]. The outermost of the detector system is Muon
Telescope Detector (MTD) [98], which was installed in 2014 for muon triggering and
identification. It was designed for the measurements of quarkonia via dimuon channel,
such as J/y and Y. Along the beam line, there are three fast detectors: the Vertex Posi-
tion Detector (VPD), the Beam-Beam Counter (BBC) and the Zero Degree Calorimeter
(ZDC). All of them are located both in west and east side of the STAR detector. They
are used for the minimum bias trigger, event selection and luminosity monitor. The
VPD detectors also provide the event “start time” for TOF and MTD detector as well
as the primary vertex position along the Z-direction.

TPC, TOF and HFT have played an indispensable role for the analysis discussed in

Chapter 3 and 4. We will introduce them in detail in the following sections.

2.3 Time Projection Chamber

Time Projection Chamber (TPC) is the primary tracking detector of STAR covering
full azimuthal angle within a pseudo-rapidity acceptance of || < 1.8. [99]. It can record
the tracks of charged particle and measure their momenta over a range from ~ 100
MeV/c to 30 GeV/e. Fig. 2.5 shows the first event in Au+Au \/% = 200 collisions
recorded by STAR TPC. The schematics of the STAR TPC structure is shown in Fig.
2.3. The TPC is 4.2 m in length and 4 m in diameter, which is filled with gas and has an
inner electric field of about 135 V/cm. The typical drift velocity of ionization electrons
in STAR TPC is about 5.45 cm/us. The ionization electrons drift toward the nearest
endcap and the signals are collected by Multi-Wire Proportional Chambers (MWPC)
with readout pads [99]. The TPC readout is divided into 12 sectors at each endcap

(totally 24 sectors). Fig. 2.4 shows one of the readout sector. Each sector is split into

25



Chapter 2 Experimental set up

inner and outer subsectors. The outer subsectors are fully covered by wide pad rows
without space between them. More ionization electrons can be collected with full pad
coverage so that the resolution of dE/dx measurements can be improved. The pads of
inner subsectors are smaller, which are designed for good hit resolution and suitable for
high track density region. They are arranged in separate rows with large space between
the rows. A Inner Sector TPC (iTPC) upgrade had been proposed in 2015 and full
installation has been finished before RHIC Run 2019 [100]. Two iTPC sectors were
installed during RHIC Run 2018, but the hits on these two sectors were excluded in the
tracking. Details of iTPC project could be found at [101].

Outer Field Cage
& Swupport Tube

Sector
Support—Wheel

Fig. 2.3 The schematics of the STAR TPC structure. The picture is taken from [99].
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Fig. 2.4 The schematic diagram of anode pad plane with one full sector. Taken from [99].

The energy loss of charge particles in the medium can be described by Bethe-Bloch
equation [10]:
dE 2 Z 1 1 2meczﬂ2y2Tmax 2
= -p—= 2.1
dax _ Capl2™ IE =3 @D
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It can be inferred from Eq. 2.1, at a certain momentum (p = m,fy), charged particles
with different masses may have different energy loss (dE/dx) in the TPC gas. In STAR,
the theoretical value for the energy loss of charged particles are calculated by the Bichsel
functions [102-103]. The dE/dx resolution measured by the TPC is about 8% for a track
crossing 40 pad-rows. Fig. 2.6 shows the energy loss as a function for charged particles
in Aut+Au collisions at 200 GeV in Runl4. The TPC can seperate K/pup to p ~ 1
GeV/cand z/Kuptop ~0.7GeV/icat B=05T.

dE/dx (KeV/cm)

Momentum p (GeV/c)

Fig. 2.5 The first Au+Au event at /sy = Fig.2.6 TPC dE/dx versus momentum in
200 GeV recorded by STAR TPC Au+Au 200 GeV collisions. Taken
[104]. from [83].

2.4 Time Of Flight detector

The main goal of time of flight (TOF) system at STAR is to extend particle identi-
fication capability to moderate momentum range at mid-rapidity. The TOF detector is
based on the technology of Multigap Resistive Plate Chambers (MRPC). Its installation
completed in year 2010. The TOF is composed of 120 trays, covering |n| < 0.9 in
pseudo-rapidity and 2z in azimuthal direction. Each tray consists of 32 MRPC models

with 6 readout on each module. Fig. 2.7 shows the structure of a single MRPC module.

The whole TOF system consists of two subsystems, VPD for the “start” time (t,)
and the barrel TOF for the “stop” time (#,). Combining with path length information
provided by TPC, the inverse velocity of charged particles can then be calculated as:

1 A& _ VP +mie

—=c—=— (2.2)
L p

where At = t, — t;. The timing resolution of the TOF system is better than 100 ps

in heavy-ion collisions. With such resolution, z/K separation is extended to p ~ 1.6
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Fig. 2.7 The structure of a single MRPC module in long (upper picture) and short (lower

picture) side view.
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Fig. 2.8 1/p distribution as a function of momentum for charged particles in Au+Au /sy =
54.4 GeV.

GeV/c. Fig. 3.6a shows the 1/ distribution of charged particles measured by TOF in
AutAu /sy = 54.4 GeV.

2.5 Heavy Flavor Tracker

The Heavy Flavor Tracker (HFT) was installed in the STAR detector during RHIC
run year 2014-2016. It is consisted of 3 silicon sub-detectors with 2z azimuthal cover-
age, including one-layer Silicon Strip Detector (SSD) [105] in the outmost, one-layer
Intermediate Silicon Tracker (IST) and the two-layer PIXEL (PXL) [106] detector in
the innermost. The PXL detector is based on the first generation of Monolithic Active

Pixel Sensors (MAPS) sensors. The second generation of MAPS sensors will be ap-
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plied to ALICE ITS2 and sSPHENIX MVTX detector. The schematic view of the HFT
lay-out is shown in Fig. 2.9 [107]. Some basic parameters for 4 layers of HFT detector
are listed Table 2.1 [108]. Fig. 2.10 shows the DCA resolution of identified particles
in the transverse plane (XY) as a function of p; in Aut+Au \/% = 200 GeV collision
in Run 2014 [83]. With HFT detector, the DCA resolution of the tracking system can
achieve ~ 30 um at p, = 1.5 GeV/c in both XY plane and along the beam direction,
while the life time of D° is about ~ 200 um/c. The excellent DCA resolution provided
by HFT detector enables precise measurements of heavy flavor hadrons in the STAR

experiment by reconstructing their displaced secondary vertex.

Fig. 2.9 The schematic view of the HFT lay-out. Taken from [107].

Table 2.1 Basic parameters for different layers of HFT [108].

Items PXL-1 PXL-2 IST SSD
Radius (cm) 2.8 8 14 22
Length (cm) 20 20 50 106

Radiation thickness ~ ~ 0.39% X," ~0.52% X, <15% X, ~ 1% X,
|| coverage (<) 2.0 1.0 1.2 1.2

Sensitive units (umxum)  20.7x20.7  20.7x20.7  600x6000 95x73000

" The radiation thickness of PXL-1 was 0.52% X, in 2014, and changed to 0.39%
X, in 2015 and 2016.
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Fig.2.10 DCA resolution of 7, K and p in the transverse plane (XY) as a function of p, in
Au+Au collision in Run 2014 [83].
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Chapter 3 Measurements of elliptic flow of heavy
flavor electrons

In this chapter, we will discuss the measurement of elliptic flow (v,) of the electron
from heavy flavor hadrons decay (e”) in Au+Au collisions at /sy = 54.4 and 27

GeV at the STAR experiment.

3.1 Overview of the analysis

The STAR collaboration has dedicated measurements on charm mesons and baryon
via hadronic decay channels at Aut+Au 200 GeV utilizing Heavy Flavor Tracker
(HFT)[65, 83, 109]. When going to low energies, direct construction of heavy fla-
vor hadrons becomes quite challenging. The charm hadrons production cross section
decreases faster with the decrease of collision energy \/m than that of the light flavor
hadrons. The HFT detector has been removed in the BES II program. It is difficult to
suppress combinatorial background purely relying on the TPC tracking if constructing
heavy flavor hadrons through typical hadronic decay channels directly[82-83]. Hence,
the semileptonic decay channel is a better solution to access the heavy flavor properties
in the hot medium at low energy in the STAR experiment.

The correlations between the heavy quark and the electrons can be examined with
ptp 54 GeV events generated by PYTHIA 8. We calculate <cos(¢p, — ¢.,,)>, as a
function of electron transverse momentum, where ¢ is the particle azimuthal angle.
Heavy flavor electron can well represent their parent quark (charm/bottom) directions

at pp > 1.2 GeV/c, where <cos(¢, — ¢,,,)> 1s larger than 0.95, as shown in Fig. 3.1.
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Fig. 3.1 The correlation between the azimuthal angle of ¢//© and that of their parent quark

as a function of e/’ p,.

In order to extract heavy flavor electrons ef’¥ one need to identify the inclusive
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electrons e and then substract the background electrons. The main sources for the
background electrons are from photon conversion and pseudo-scalar meson (mainly
from z° and #) Dalitz decay, so the heavy flavor electrons eI are also called as “Non-
Photonic electrons” and the background are called as “Photonic electrons” (e”°). To
calculate the number of photonic electrons, reconstruction method is used, which will
be discussed later in section 3.4 and 3.5. Then the number of the heavy flavor electrons
can be written as:

H pho

N =N . p— N© 3.1)

where p is the purity of inclusive electron after electron identification (eID) cut. Based

H

> F can then

on the definition of flow Eq: 3.2, the heavy flavor electron elliptic flow v
be calculated as Eq. 3.3, where v’2’h0 is the photonic electron v,. The ratio refer to the
fraction of the contamination hadrons in the inclusive electrons after eID and ug is their

elliptic flow. Details of the elliptic flow extraction will be discussed in section 3.8.

d*N d*N <
= (1+ ) 2v,cos[n(¢p — D)) (3.2)
d3p  2zprdprdy ;
NeHF ) U?F _ Neiml);nc _ Nephavgho _ Z fh . Nincvéz (33)
h=r,K,p

3.2 Data set and event selection

This analysis is based on the minimum bias triggered data collected in RHIC run
year 2017 and 2018. The trigger IDs used in the analysis are summarized below:

* AutAu 54.4 GeV: 580001, 580021

* AutAu 27 GeV: 610001, 610011, 610021, 610031, 610041, 610051
The concept of centrality is widely used to describe the percentile of hadronic cross
section in heavy ion collisions, which is directly related to the impact parameter b of
the collision[110]. It can be determined by comparing charged particle multiplicity
(N,,) between data and Glauber model[46, 111-112]. Considering overall statistics, we
choose to use only one centrality bin, 0-60%, in the analysis.

A series of event level cuts on primary vertex position are applied in order to reject
bad events, which are summarized below. Primary vertex is reconstructed by Time
Projection Chamber (TPC) tracks. The origin of the frame is defined at the center of the
STAR detector and the Z-direction is along the beam direction.

« \/VE+ Vy2 < 2 cm. Require the collisions inside the beam pipe.
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o V)PP —VIPC <3 cm. Vertex Position Detector (VPD) is two fast detectors
sitting at east and west side of the TPC. VPD can also provide a vertex position
along the beam direction from the time difference of the two detectors’ signal.
This cut is for suppression of pile-up events. It is only applied to the 54.4 GeV
data. For 27 GeV data, due to the lower multiplicity, the VPD firing probability
is much less. To save statistics, we don’t require the V)’ *? — V7'P€ cut for 27
GeV data. The luminosity for Au+Au 27 GeV running is lower, so the pile-up
effect is small in 27 GeV even without the V, difference cut.

* |V,] <35 em. This cut is selected based on two considerations. First is the col-
lisions should happen within the central region of the TPC to ensure uniform
acceptance. Secondly, as the main backgrounds in this analysis are from photon
conversion electrons. To increase the signal to background ratio, we need to avoid
collisions happens around high density materials. To choose the suitable V, and
pseudo-rapidity (#) range, we select electrons with rough PID cut 0.75 < no, < 2
&& |é — 1] < 0.025, and plot 2D distribution of the number of identified elec-
trons in each event as the function of V, and #, shown in Fig.3.3. The bump
structure at |V,| > 40 cm in Fig.3.3 come from the photon conversion electrons
converted at the supporting structure of the beam pipe, which is perpendicular to
the Z-direction and located at about V, ~ 54 cm [113]. The cutisseton |V,| < 35
cm and |7] < 0.8 to avoid the bump structures.

s |V, v, V.| > 107 cm. Require the events have valid vertex information.

0.5

60

= 05—z =
B kst e Au+Au 54.4 GeV 5
O w X
fa= = 40
> 03F - -
E 10° [
E: 20
1©° *
10 or
10° 20
1
ol -40
- - 10
T
0

T .
01 02 03 04 05 -15
Vx (cm)

Fig. 3.2 The primary vertex distribution in  Fig. 3.3 The number of electrons as a func-
XY-plane (V, verus V) tion of Z-direction of the primary
vertex (V) and the 7 of tracks.

We use the multiplicity measured by the TOF to further suppress pile-up events. Figure
3.4a shows the correlation of multiplicity measured by the TPC and the TOF for Au+Au

collisions at 27 GeV. There is strong correlation for good events but outliers for pile-
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up events. We applied the following cut to select good events. Figure 3.4b shows
the distribution of reference multiplicity measured by TPC before and after the cut for
Au+Au collisions at 54.4 GeV. Below cuts are applied for the reduction of pile up events:
* AutAu 54.4 GeV: TOF Multiplicity>TPC Refmult x2.88-155
* AutAu 27 GeV: TPC RefMult x1.8+15>nTofMatch>TPC RefMultx0.75-20

Before cut

Counts

900 E
107
800

TOF Multiplicity>Refmultx2.88-155

RefMult

10¢
10 10°
10*
10°
10?

10 10
Au+Au 544 GeV

= sy E 1 1 1 1 1
0 0z 04 06 08 1 12 14 16 18 2 0 100 200 300 400 500 600 700 800 900
btof TrayMultiplicity RefMult

(a) TOF Multipicity verus Refmult. (b) RefMult w and w/o cut.

Fig. 3.4 Refmult distribution and pile up rejection.

A summary of the production library, as well as the data sample size after event selection
are listed in the Table 3.1.

Table 3.1 Number of events used in this analysis

Year  Energy Library Vertex Zcut Total statistics

2017 54.4GeV Pl8ic |V, <35cm 558 M
2018 27GeV  Pl9ib [|V,| <35cm 239 M

3.3 Inclusive electron selection and purity calculation
3.3.1 Track selection

The life time of heavy flavor hadrons is very short compared to the TPC track point-
ing resolution, so heavy flavor electrons can be regarded as coming from primary ver-
tex. Table 3.2 lists the track quality cuts for the inclusive electrons. We set cut on global
track’s Distance to the Closet Approach (DCA) to the primary vertex and require tracks
must be primary tracks. Track quality cuts can not only ensure better momentum res-
olution but also help to reduce photon conversion electrons, which is one of the main
background sources in this analysis. Because the start position of photon conversion

electrons are usually far away from the primary vertex. The ¢ distribution of inclu-
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sive electrons after basic track quality cuts is shown as the black line in Fig. 3.5. To
suppress the electrons originated from photon conversions in the TPC gas, we require
that the single electron tracks must have at least 1 hit in the first 3 TPC layers, which
is equivalent to that the position of the first hit point of the track is \/m < 70
cm. The two peaks of the black line in Fig. 3.5 around 1.25 < |¢| < 1.95 are due to
the electrons converted in the support structure of the beam pipe along the Z-direction.
The tracks within 1.25 < |¢| < 1.95 region would be rejected to reduce the fraction of

photon conversion electrons in inclusive electrons.

Basic cuts

2000
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1200
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800

Counts

Basic && First hit <70cm

Basic && rm 1.25<Ipl<1.95 && First hit <70cm
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Fig. 3.5 Inclusive electron ¢ distribution with different cuts in Au+Au 54.4 GeV

3.3.2 Inclusive electron identification

The inclusive electrons are required to be identified by combining the information
measured by TPC and TOF. TPC is able to distinguish different particle species by mea-
suring particle ionization energy loss (d E/dx) in the TPC gas (Eq 2.1). Experimentally,
the normalized d E/dx, no, (x can be 7, K, p, e etc.) is widely used. The definition of

which is shown in Eq. 3.4:

1 <dE/dx>measured
no, = —In 3.4)
R (dEldx),

where <dE/dx>measured
mean (d E/dx) if assuming the track is particle x, and R is STAR TPC In(dE/dx) res-

is the measured track mean (d E/dx) and (d E/dx) is expected

olution, depending on number of hits in the TPC used for dE/dx measurement (nHits-
Dedx), pseudo-rapidity of the track, momentum of the track, TPC gas component and
so on. Combining with the track information provided by TPC, the TOF system are
able to identify particles with the same momentum but different masses according to

the inverse velocity (1/f = cz/L). The PID cuts for inclusive electron selection are
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Table 3.2 Inclusive electron selection track quality cuts for both energy

Basic cuts

pr > 0.2 GeV/e

Make sure tracks can pass through the TPC

ln| < 0.8

See Fig. 3.3

|geDCA| < 1.5cm

DCA to the priamry vertex, which is to reduce

tracks coming from secondary vertex.

Primary track

Require tracks coming from primary vertex,
which is to supress secondary vertex tracks and

ensure better momentum resolution.

nHitsFit> 20

Number of TPC hit points used in the track fit-

ting. The maximum hit points is 45.

nHitsDedx> 15

Number of TPC hit points used in <dE/dx>

measurement

nHitsFit/nHitsMax> 0.52

Ratio of used and maximum possible number
of TPC hit points, which is to avoid one track

splitting into two tracks

Cuts for photon conversion electron rejection

TopologyMap[0]>>8 & 0x7

Having at least 1 hit in the first 3 TPC Pads,
which is to reduce the photon conversion elec-

trons produced in the TPC gas.

|| < 1.25 or > 1.95

Avoid the ¢ region where detector material den-

sity is high

summarized in Table 3.3. Fig.3.6a shows 1/f distribution from TOF. A band below
1/p = 1 is observed in Fig.3.6a. In high multiplicity environment, if the particle hit the
TOF detector without leaving a trace in the TPC, such as neutral particles or electrons
converted at the materials in the space between TPC and TOF, the hit would be asso-
ciated with a TPC track from charged particles[114]. The tachyon band and pion band
are merged with electron band at ~ p, > 0.5 GeV/c, bringing the hadron contamina-

tion to the TOF-seleted electron samples. Fig.3.6b is dE/dx distribution as function as

momentum after TOF selection.
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Table 3.3 Inclusive electron selection PID cuts for both energy

Cuts Notes
pr < 0.8 GeV/e:
TPC dE/dx
pXxX35-28 <no, <2
pr > 0.8 GeV/c: 0< no, <2;
11— %| <0.025 TOF 1/

0.9 _ ‘
i AuvAu 54.4 GeV, 0-60%
S Ty O
1 0.5 1 1.5 2
p [GeV/c]
(a) 1/p distribution from TOF
3
o
E 6
x
°
uJ
©
£ 4
'_
2
0.5 1 1.5 2
p [GeV/c]

(b) TPC dE/dx distribution after TOF selection
Fig. 3.6 Electron identification.

3.3.3 Electron purity study

One important thing in this analysis is to estimate the purity of inclusive electrons.
As it is shown in Fig. 3.6b, there are some momentum regions where electron dE/dx
band crosses over with other hadrons. In these momentum regions, electron purity will

drop very quickly. To ensure the systematic uncertainty is under control, these regions
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will be excluded and only the p; range with high electron purity will be used in later on
analysis.

We estimate the electron purity by fitting no, distribution to determine electrons
relative yield within PID cut range. We project no, in fine momentum bins (Fig. 3.6b),
so that no, distributions of hadrons are close to Gaussian distribution. As we have seen
in Fig. 3.6b, in addition to identified particles, such as z/K/p, so called merged pions
are also one of the hadron contamination sources. When two tracks are too close to
each other, TPC can’t separate them due to finite spatial resolution. These tracks would
be recorded with approximately two times larger dE/dx than normal pions (Because 7
meson production yield is highest among all final state particles). Merged pion samples
can be selected by TOF identified pion with large dE/dx. K/p samples are extracted by
TOF PID. z samples are extracted by two methods, reconstructing K, — zx or TOF
PID. Pion samples from K; — zx is pure but the statistics is limited at p > 2.5 GeV/e,
so we regard this method as the default one. Detailed cuts for particle samples are listed
below:

* p: IM?*—0.879] < 0.02 GeV?/c*, |no,| < 4

« K: |M?-0.243] < 0.005 GeV?/c*, |noy| < 4

« 7 (from TOF PID): |M? — 0.019] < 0.003 GeV?/c*, |no,| < 4

* 7 (from K)):

Tagged pion (0.3<gDCA<3 cm) % - ﬁ <0.01,

Partner pion (0.3<gDCA<3 cm) |é - il < 0.04,

Pair cut: K, DCA < 0.9 cm, K| decay length > 4 cm, cos(6) > 0.7, pair DCA <
0.8 cm

Merged pion: |no,| >5, |[M? —0.019] < 0.003 GeV?/c*

* M,, < 0.04 GeV/c?, tagged electron |no,| < 2.5, use partner electron for the

electron sample.
Particle samples are shown in Fig. 3.7. The default method for the purity fitting is using
Multi-Gaussian fit. Firstly we fit no, distribution of different particle samples with
normalized Gaussian function and extract ¢ and mean value. Then fitting the projected
Fig. 3.6b utilizing Multi-Gaussian function with fixed width and mean value, as well

as free constant value. The total fitting function is shown in Eq. 3.5:

ftgtal :Ce . Gaus(ﬂe’ O-e) + Cﬂ_ . GauS(,H;z, O-;z-) + CK . GaMS(MK, GK) (3 5)

+ Cmerged z° Gaus(/"merged L& Gmerged zr) + Cp : Gaus(,up, Gp)
Fig. 3.8 shows an example for no, Multi-Gaussian fitting. Electron purity is calculated

as the integral yield ratio between electron and total fitting function within PID cut
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Fig. 3.7 Particle sample no, distribution

(Constant parameters are gotten from Multi-Gaussian fitting).

e
Ina cut f

Vo cua S (3.6)
f¢=¢C,  Gaus(u,,0,)

purity =

For the dE/dx cross over regions, we use exponential function to extrapolate the yield
of 7 and electron, and then set constrains on constant parameters in the function during

the fitting. Above procedures will give default electron purity for later on calculation.

132<p <135 GeV e <135 GeV p 132<p 2135 GeV T

5 10 15 20 25 30 35
nSigE nSigE

1.32<ppr1.35 GeV merged T

0 15 20 25 -0 -5 0 5 10 15 20 25 30 35
nSigE nSigE

Fig. 3.8 no, Multi-Gaussian fitting

For systematic uncertainty, we try several methods and take the largest difference as the

systematic error band:
1. remove constraints on constant parameters in the function, still use Multi-
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Gaussian function for fitting.

. change pion sample to TOF pion, and remove constraints on z constant parameter
C,, and still use Multi-Gaussian function for fitting.

. replace Gaussian function with normalized pion no, distribution histogram in Eq.
3.5, and remove constraints on z constant parameter C, .

. change pion sample to TOF pion, use pion no, histogram for the purity fitting,
and remove constraints on z constant parameter C,.

In the last step, we need to transform momentum to p,. We fill 2D histogram Fig.

3.9a after electron PID cut and then profile mean p, versus momentum Fig. 3.9b.

e e

< 7 g F
%) r % 5; sl
O 5= O I K
a 2 f e
L 4+ -~ —
4? [ ‘..r"
r [ -
3; 3? -~ ]
o i 2- .
1 1 ]
F : ]
Lo v b b b b ol b b b by
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P, [GeVic] p [GeVic]
(a) 2D distribution of p versus p; (b) Profile of p; versus p

Fig. 3.9 Transport momentum to transverse momentum
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Fig. 3.10 The black line in the plot shows the mean value of inclusive electron purity. The

gray band refers to the estimated systematic uncertainty. The p, range marked in
green shadow will be excluded in the analysis because of the low purity and large

uncertainties.
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The final electron purity is shown in 3.10. Electron purity would decrease very fast at
pr > 2 GeV/c because the pion dE/dx moves closer to the electron band. Then the total

yield of inclusive electrons can be calculated as

el = purity x eP''P (3.7)

3.4 Photonic electron tagging

The dominate sources for photonic electrons are listed below:
Dalitz decay:
1. 7° > ete™y (B.R. 1.174%)
2. n—ete"y (B.R. 4.22%)
Gamma conversion:
1. 7° > yy (B.R. 98.823%)
2. n — yy (B.R.39.41%)
3. direct photon
We cannot determine whether a single track is a photonic electron or not, but we can
extract the number of photonic electron statistically. The reconstruction method is used
for photonic electron tagging, demonstrated in Fig. 3.11a. The tagged electrons, which
are the same tracks as inclusive electrons, are paired with partner electrons. Then we
reconstruct the invariant mass of electron pair, shown in Fig. 3.11b. The combinatorial
backgrounds of the photonic electrons are reconstructed by like-sign method. We set
very loose cut for partner electrons and electron pairs to enhance the photonic electron
reconstruction efficiency. The cuts are listed below:
Partner electrons:
+ global tracks;
* global p, > 0.25 GeV/e, |n| <1;
* |no,| <3;
» nHitsFit>20, nHitsFit/nHitsMax>0.52.
Electron pairs:
* M,, <0.1 GeV/c?;
* pair DCA<I cm.
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The total number of photonic electrons can be calculated as:

ereco — eUL _ eLS’

UL : unlike sign, LS : like sign (3.8)

pho _ _reco
e =e /ereco

where €,,., 1s the reconstruction efficiency. We will discuss it in the following section.

Partner
electron

Tagged

electron
Decay length_ “ / Pair DCA

7
* Primary vertex

(a) Pairing tagged electrons with partner electrons

x10°

—— Unlike-sign (UL) Au+Au \sy, = 54.4 GeV
— Like-sign (LS) 0-60%
—— UL-LS

Counts/(1 MeV/c?)

Tagged e: 0.20<pT<0.25 GeV/c

L

0 005 01 015 02 025
M., [GeV/c?]

,C) llll|IIII|IHIJJHLILLILIIIIIJIHIJJIJLIL
w

(b) The black data point are the reconstructed photonic electron Ulike-sign signal. The com-
binatorial background is recontructed by Like-sign method. The red data point are the

signals after background subtruction.

Fig. 3.11 Photonic electron tagging.
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3.5 Photonic electron reconstruction efficiency

3.5.1  Photonic electron embedding

The reconstruction efficiency is evaluated by standard embedding method. The
whole STAR detector is simulated with GEANT3. Monte Carlo particles are embed-
ded into the simulated detector. They fly through the detector, leaving MC hits at the
detector sectors. MC tracks are embedded into real events and mixed with hits from
real tracks. The real events are randomly selected among entire data sets. Then the
embedded events would be reconstructed again following the same procedure as real
data process. To avoid disturbing track fitting procedure, the start position of MC par-
ticles is set as the primary vertex of the original event, and the number of MC tracks
are constrained within certain percentage of event multiplicity. Above procedure is
called “embedding”. MC tracks and reconstructed tracks are able to be associated by
comparing their common hits.

In this analysis, 7°/5/y are embedded into the simulation[115]. z%/# are defined as
having 100% Datliz decay branching ratio. 7z°/n are embedded with 10% event mul-
tiplicity while y is embedded with 100% event multiplicity because conversion prob-
ability in STAR is about 1%. Photonic electron will be reconstructed similar as real
data analysis, which has been described in section 3.4. The reconstruction efficiency is
calculated using reconstructed electron tracks, requiring nCommonHits>10 and passing
all of the track quality cuts for tagged electrons. Secondary photon, such as from elec-
tron radiation, are excluded in the efficiency study due to their very small momentum.
Secondary y from Dalitz decay will not be considered too because their contribution is

negligible as we will discuss later on.

_ Partner electron pass quality cut&&electron pair pass reconstruction cuts

reco —

€
Total reconstructed electron

(3.9)

pr weight need to be set for z%#/y, as originally the particles are embedded into
the detector with flat p, distribution. 7*/z° spectra in Au+Au 39 and 62.4 GeV are
used as the input for z° spectra, as currently there is no published data for z° or z* in
Au+Au 27 and 54.4 GeV. 7#*/z° data from STAR and PHENIX measurements[116-118]

is collected and then fitted with modified Hagedorn function:

3
Eg = A(e~(@rr+brn) 4 p_T)n (3.10)

dp Po
We assume that # particle spectra follow the m, scaling based on measurements from
PHENIX in other collision energies and systems[119-120]. The fitted z spectra is shown
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in Fig. 3.12. We replace p; in & spectra to n p;, shown in Eq. 3.11, and then scale with

normalization factor 5/z° =0.48.

— 2 2 2
Pr = \/pT o M0 ™ Mo () (3.11)

The input y spectra have 2 sources: z°(y) — yy and direct photon. We can decay
() = yy by PYTHIA. To ensure the detector acceptance, we sample 7%/ kinematics
within || < 1.5 and p; < 15 GeV/ec. The p; weight for z° and # is set according to
their spectra gotten above, and then we are able to calculate invariant yield for y from
7%/ decay. The direct photon spectra follows N, scaling under different energies
and systems while N, =~ ('JldL’;’“)l'25 + C[121], shown in Fig. 3.15. For the low p;, we
directly take the data point in Au+Au collisions. For high p,, we scale the spectra in
p+p collisions to Au+Au collisions according to %’;” in different centralities. For p+p
\/% =62 GeV collisions, the experiment data points are taken from [121-124]. There
is no direct photon measurements in p+p collisions at 39 GeV, so we take the value from
pQCD calculation [121, 125]. The direct photon spectra is fitted with function[126]:
_ &N g A (3.12)
2nprdprdy (1 + p2/py)"
The p, weight for electrons in the embedding are set according to their parent p,.. But
one should remember to normalize the number of embedded parent particles in a event,
because the number of embedded parent particles in each event is proportional to the
event multiplicity. In summary, the total weight for photonic electrons yield is given as:
pr weight X B.R. X multiplicity weight X normalization factor

* pp weight: dN/d p‘}mm

* B.R. : decay branching ratio.

« multiplicity weight: 1/NPe" NP is the number of embedded parent particles
7°/nly in each event. To avoid fluctuation in low multiplicity events, one may take
the average of this factor under each centrality bin, instead of normalizing in each
event. The two methods yield a consistent result in the photonic electron yield.

* normalization factor: (p, range) x(n range). The embedded particles are sampled
with a flat distribution in certain p, and # range.

The tagged electrons in the embedding are corresponding to the photonic electrons that
pass track quality cuts. The distribution of tagged electron from different sources and
their relative fraction to total photonic electrons are shown in Fig. 3.16. The dominate
sources for the photonic electron at low p, are from 7° Dalitz decay, while 7° — yy,

y — e"e” make the largest contribution at p;- > 1 GeV/c. Dalitz decay will also produce
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y, such as 7° — e*e”y. But considering the branching ratios, its relative contribution
(B.R. 1.2%) is very small comparing to 7° — yy (B.R. 98.8%x2). The impact on the

final photonic electron efficiency is negligible.
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Fig. 3.15 Direct photon spectra normalized by (chh/a’n)l'25 in different systems and ener-
gies[121]

3.5.2 Embedding QA and Systematic uncertainties

As the reconstruction efficiency is estimated by simulation, it is important to carry
out a detailed comparison between simulation and real data to ensure that systematic
uncertainty is under control. Fig. 3.40, Fig. 3.41, Fig. 3.18 are the electron pair pair
DCA, invariant mass and decay length distribution. The reconstruction efficiency are
dominated lost by the p; cut on partner electron. Fig. 3.17 shows the partner electron
pr distribution. As we can see from these plots, the simulation can describe the data
very well. The systematic uncertainties for cuts on partner electron p; is estimated by
comparing the ratio of partner electron yield at p;, > 0.25 GeV/c and p; > 0.3 GeV/c
from data and simulation. The ratio is calculated by:

Integral yield at py > 0.25 GeV/c
Integral yield at pr > 0.3 GeV/c
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(b) The relative fraction of electrons from different sources in total photonic electrons
Fig. 3.16 Photonic electron sources

Then the relative systematic uncertainty can be calculated as:

RMC _ Rdata )

e (3.14)

Sys. Error = abs <

Similarly, the systematic uncertainty of partner electron nHitsFit cuts is evaluated by

the ratio:

Integral yield at nHitsFit > 25

R(part lect HitsFit) = 3.15
(partner electron nHitsFit) ntegral yield at nHitsFit > 20 (3-15)
The systematic uncertainty of electron pair DCA is evaluated by the ratio:
Integral yield at pair DCA < 1
R(pair DCA) = ntegral yield at pair cm (3.16)

Integral yield at pair DCA < 1.5cm
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The systematic uncertainty of di-electron invariant mass is evaluated by the ratio:

Integral yield at Inv. Mass < 0.1GeV/c?
Integral yield at Inv. Mass < 0.15GeV/c?

The simulation might underestimate or overestimate the detector material thickness. To

R(Invariant Mass) =

(3.17)

estimate this kind of systematic uncertainty, we scale the yield of y — e from simulation
to 130% and 70%, and take the final combined efficiency difference as the systematic

uncertainty.

Sys.Error(conversion probability) =

Eff/—>e><l30% _ Efﬂ/—>e><100% Eff/—>e><70% _ Effy—wxlOO% (318)
Max ( Effy—ex100% ’ ‘ Effy—ex100% >
' LB B L
10 Au+Au 54 .4 GeV

Arb. unit

Tagged e: 0.4<p.<2.5 GeV
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Fig. 3.17 The p; distribution of partner electron at Au+Au 54 GeV from simulation and data.
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Fig. 3.18 The decay length distribution of the electron pair at Au+Au 54 GeV from simulation

and data.

In decay length plot (Fig. 3.18), the peaks around 0 cm are from Dalitz decay while

the peaks around 4-5 cm are coming from gamma conversion in the beam pipe, and
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Fig. 3.19 Photonic electron reconstruction efficiency from different sources.

the small bump around 50 cm are from conversion electrons at field cage. From decay
length comparisons, we can see the simulation can describe the relative fraction of elec-
trons from gamma conversion and Dalitz decay, which means, the detector simulation

can describe the material density distribution of the STAR detector.

3.5.3 Check on the bump structure in efficiency plots

One may observe the bump structure in the reconstruction efficiency plots (Fig.
3.19) around 0.8 GeV/c. After careful investigation, the conversion electrons from the
TPC inner field cage account for this bump structure. We split tracks in two groups
according to whether the radius of their start vertex in XY plane is large than 40 cm or
not. For those tracks converted far away from the primary vertex, only when they match
certain conditions, they are able to pass the track quality cuts, such as requiring it to be

primary track and global DCA cuts. As a result, TPC inner field cage electrons (radius
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conversion electrons. trons from photon conversion.

Fig. 3.20 The electron tracks in the y — e*e” embedding samples are split into two cate-
gories based on start vertex position radius=\/x27-|-y2 in XY-plane. The electron
tracks with radius> 40 cm are dominantly converted at TPC inner field cage (blue
triangle points). Red open circle points are the electron tracks with radius< 40 cm.
The black points are total reconstructed electrons from photon conversion. Plot (a)
shows the reconstruction efficiency of photon conversion electrons. The electrons
converted in the TPC inner field cage tend to have higher possibility to be recon-
structed at p, < 1.5 GeV/c. Plot (b) shows the estimated yields of the reconstructed

conversion electrons.

> 40 cm) have higher reconstruction efficiency compared to the electrons converted at
the beam pipe (radius < 10 cm), as is shown in Fig. 3.20a. Fig. 3.20b shows TPC
field cage electrons are the dominated source of y conversion electron at p,, > 1 GeV/c.
Fig. 3.21 shows the track start-vertex radius as a function of momentum resolution
RMo"=(rc p.-mc p;)/(me py). Track quality cuts have already applied to all the tracks
in Fig. 3.21. From this plot, it indicates that reconstructed momentum has correlation
with track start-vertex. If the start vertex of the track is away from the primary vertex,

the reconstructed primary p; tend to shift to higher momentum compared to MC p;..

3.5.4 Reconstruction efficiency results

Systematic uncertainty from different sources are added quadratically. The total
systematic uncertainty for is given in Fig. 3.22. Figure 3.23 shows the combined re-
construction efficiency with systematic error band. The error bars represent statistic

error from embedding samples. Note, the heavy flavor electron here haven’t subtracted
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Fig. 3.21 This plot shows the start-vertex radius of y conversion electron in XY plane as a
function of RM°"=(rc pr-mc pp)/(me py) after track quality cuts applied, where
rc p; is the reconstructed primary momentum, and me¢ p; is the momentum of
the associated MC track. The band at radius ~ 46 c¢m is contributed by photon

conversion electrons converted at the TPC field cage, while the band at radius ~ 4

cm is contributed by electrons converted at the beam pipe.
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Fig. 3.22 Systematic uncertainty for reconstruction efficiency from gamma conversion prob-

ablity, invariant mass, pair DCA, nHitsFit, .

contribution from weak kaon decays K,; — e.

eF = oi"e . purity — ePh? (3.19)

K,; — e contribution can be suppressed by global DCA cut. The estimated K3 contri-
bution at Aut+Au 62.4 GeV/c is ~ 30% at p; < 0.5 GeV/c and ~ 10% at 0.5 < pp, <3
GeV/c. With the reconstruction efficiency obtained from the embedding simulation, we

HF/epho

are able to calculate the signal to background ratio, e , shown in Fig. 3.24.

. inc pho
purity-e™ —e
eHF/epho —
epho

(3.20)
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The charm quark production cross section is decreasing when the collision energy goes

=
L
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Fig. 3.23 The photonic electron reconstruction efficiency in Au+Au 54.4 GeV collisions. The
date points are directly obtained from embedding. The blue line is the fitting func-

tion and the blue band shows the systematic uncertainties.
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Fig. 3.24 The non-photonic electron over photonic electron yield ratio as a function of p; in
Au+tAu /sy =54.4 (blue points) and 27 GeV (green points) collisions.

down, and this kind of decreasing is faster than the production cross section of light
flavor quarks. So the signal to background ratio at Au+Au 27 GeV collisions is lower

than that of 54 GeV collisions.

3.6 Inclusive electron v,

The elliptic flow of inclusive electron is extracted by event plane #—sub method.
The estimated reaction plane is called event plane, and in this analysis TPC tracks are

used for event plane reconstruction. If the electron has a negative # and then we will
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use the tracks within 0.05<x#<1 and 0.2<p,<2 GeV/c to reconstruct the event plane, as
illustrated in Fig. 3.25. The track quality cuts for event plane reconstruction are listed
below:

* n gap: 0.05;

* primary track, 0.2<p;<2 GeV/c, |n<l, |gDCAI<L.5 cm;

« nHitsFit>20, nHitsDedx>15, nHitsFit/nHitsMax>0.52.

The first step is to calculate raw event flow vector én, where n=2 for elliptic flow:

4y = pr - €08(2¢), q, = pr - sin(2¢) (3.21)
Q=Y q.0y" =) q, (3.22)
oo = L 1 & (3.23)

2 2 Qx .

The event plane @, should be isotropic. However, raw @, is not a uniform distribution
because the detector acceptance is non-uniform and anisotropic in the real laboratory
system. To remove the bias, the simplest method is known as “recentering”, which is
used in this analysis. The detector system can be regarded as the same in a single run,

so recentering correction is done run by run. The corrected Qz and @, is calculated as:

Q;ecemer = Q;aw - <Qx>run = Z qx — <qx>run (324)
Q;ecenter = Q;aw - <Qy>run Z q, — <Qy>run (325)
d5gecenter — % . tan—l i’aw (326)

But recentering method cannot fully eliminate second (and higher) order harmonics of

@’ distribution, so the event plane need to be further flattened by shift method[127]:

1 imax

AD, = — Z 2 [—(sin(in(bn)) cos(in®,) + (cos(in®,)) sin(in(Dn)] (3.27)
n&i
n=2i,, =21 (3.28)
shift recenter
D, = @ + AD, (3.29)
cD;mf " is the final event plane. The event plane distribution before and after correction

is shown in Fig. 3.26a. As we are using #—sub method, the correlation of two sub-event

(a) and (b) can be written as:
(cos(2(D? — @) = (cos(2(D* — D,))) - (cos2(P°* — d.))) (3.30)

The event plane resolution for each sub-event is expected to be the same as the multi-

plicity is supposed to be equal in 0.05 < # < 1 and —1 < < —0.05. Then the event
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plane resolution R can be written as:

R = (cos(2(@° — @,))) = (cos(2(P’ — @,))) = V(cos2(®* — d?))  (3.31)

The event plane resolution as a function of centrality under different collision energies
is shown in Fig. 3.26b. The centrality dependence of event plane resolution in Au+Au
\/% = 54.4 GeV collisions follows the similar tendency as 39 and 62.4 GeV collisions.
Generally, the event plane resolution is approximately proportional to square root of the
event multiplicity multiply the strength of flow v, [128]. It reaches the highest value in
20-30% centrality. The inclusive electron v, is calculated by:

cos2(¢p — Ppp)
R

vy = ) (3.32)

The inclusive electron v, result is shown in Fig. 3.27.

ticl event plane
paic = reconstruction
2.2 gap lIJEP
n -1 0 0.05 1

Fig. 3.25 Event plane is reconstructed by #—sub method
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(a) Event plane distribution. (b) Event plane resolution.

Fig. 3.26 Plot (a) shows the distribution of event plane in 0-60% centrality in Au+Au col-
lisions at /sy = 54.4 GeV. The raw event plane distribution is shown in blue
line. After re-centering correction, the event plane distribution still remain 2nd or
higher order harmonics, shown in black line. Red line shows the further flattened
event plane distribution with shifting method. Plot (b) is the centrality dependence

of event plane resolution with 7—sub method in different collision energies.
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Fig. 3.27 The inclusive electron v, as a function of p; at 0-60% centrality in Au+Au /sy =
54.4 GeV collisions. The inclusive electron v, is measured by event plane #—sub

method.

3.7 Photonic electron v,

3.7.1  Photonic electron v, simulation

As we have mentioned above, the number of photonic electrons can be extracted by
reconstruction method statistically. However, due to p, cuts on partner electrons as well
as reconstruction cuts on electron pairs, the mean p, of the parents of the reconstructed
electrons is higher than that of total photonic electrons. As a result, the elliptic flow of
reconstructed electrons is higher than that of total photonic electrons at same low p; be-
cause elliptic flow is p, dependent. Hence, the photonic electron v, is calculated using
the Monte Carlo embedding data with the input parent particle v, determined based on
experimental measurements. The flow chart is shown in the Fig. 3.30. Combine with
the sentence before.

Firstly, we sample random event plane @,. According to the definition of v, in Eq.

3.2, the ¢ weight for electrons is set according to the v, of their parent:
1+ 20,(ph" ™) - cos(2APP*" ™ — ®,)) (3.33)

Then the total weight for photonic electrons is:
pr weight X ¢ weight X B.R.x multiplicity weight X normalization factor
The simulated photonic electron v, can be calculated by filling d N/d A¢ histogram with
weight ( A¢ = ¢, — @,), and then fitting with A(1 + 20, cos A¢).
Because of the centrality dependence of elliptic flow, photonic electron v, is calcu-
lated in fine centrality bins and then combined together later for minimum bias result.

Due to lack of published low energy measurements, we use AutAu /sy = 62.4 GeV

55



Chapter 3 Measurements of elliptic flow of heavy flavor electrons

measurements as the input for Au+Au 54.4 GeV collisions, and Aut+Au 39 GeV for
AutAu 27 GeV collisions. The input pion v, is fitted with polynomial function at low
pr and linear function at high p;. To take into account the potential energy dependence
of light flavor hadrons elliptic flow between 62.4 and 54.4 GeV, we will use recon-
structed electron v, for re-calibration. We combines both z* and z° measurements and
then take the fitting function as the input v, for z°. There is no measurement for # el-
liptic flow at low energies. Assuming that the # elliptic flow follows m;. scaling like
#/K, we directly take K, and K* flow measurements as replacement for the input of
n elliptic flow. Because the rest mass for # and K is very close ( Mass(n) = 547.86
MeV/c? and Mass(K)=493.67 MeV/c? [10]). To obtain the elliptic flow of z°/n — yy,
again, we decay 7%/ by PYTHIA, then set ¢ and p; weight for daughter y according
their parent invariant yield and v,. The input direct photon v, is from Au+Au 200 GeV
measurements [129]. Fig. 3.28 shows input y spectra from different sources, and Fig.
3.29 is v,. Atlow p;, y dominantly comes from pseudo-scalar meson decay, while at
high p, direct photon makes the largest contribution. In this analysis, the low p; region

is more interested in this analysis.
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Fig. 3.28 Input y spectra from different sources for Au+Au 54.4 GeV
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Fig. 3.29 Inputy v, from different sources for Au+Au 54.4 GeV
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Due to the limit of statistics of embedding samples, the embedded z°/5/y might have

large fluctuation in ¢ direction before weighting, compared to the magnitude to the v,,

although they might have quite uniform distributions as function as p; and n. Because

the event plane angle is random, so if the statistic is high enough, A¢ = (¢ — D)

should be a uniform distribution regardless the geometry of the detector. To minimize

statistic fluctuation in ¢ direction, we do a normalization and flatten the A¢ distribution

of photonic electron tracks under fine p;- bin. Fig. 3.33 shows that after ¢ normalization,

the statistic fluctuation of v, is much smaller.

°/n/ly

p; weight;
¢ weight:
1+ 2v;, cos2(¢p — P,)

Full detector
simulation

Electrons passing

Pink band

track quality cut

Sample random
event plane

Tagging electrons by

>{ Photonic electron v, ]

Blue band

reconstruction method

{ reconstructed electron v, J

Fig. 3.30 Flow chart of photonic electron v, simulation.
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Fig. 3.31 Input pion v, for Au+Au 54 GeV.
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Fig. 3.32 Input pion v, for Au+Au 27 GeV.
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Fig. 3.33 The A¢ distribution of photonic electron tracks in the embedding at 1.2 < p, < 1.4
GeV/c. Plot (a) shows raw A¢ distribution with no weight; Plot (b) is A¢ distribution
after p; and ¢ weight; Plot (c) is after p, and ¢ weight, and A¢ normalization. To
reflect the statistic fluctuation, the error bar shown in the Plot (c) is kept the same
as Plot (b).

3.7.2 Systematic uncertainty of photonic electron v,

To estimate the performance of photonic electron v,, we compare reconstructed elec-
tron v, from both data and simulation as the reference. The reconstructed electron v,

from real data is calculated by the following equation with event plane #-sub method:

NTeeo . Ugeco — NUL . U;JL _ NLS . Ué‘S

NTeco — NUL _ NLS (334)

UL : unlike sign, LS : like sign

As the input parent particle v, are from Aut+Au 62.4 GeV measurements, so first we
fit the reconstructed electron v, from embedding and get fitting function F"*“°. Then
multiply this function with a free parameter, c- F"“°, to fit reconstructed electron v, from
data and determine the scale factor ¢. Both reconstructed electron and photonic electron

v, would be scaled with this factor in later on analysis. We use the simulated v, data
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point instead of fitting function because it is easier to deal with wide p, bin. The scale
factor for 54.4 GeV is ¢=0.96, and for 27 GeV is ¢=0.93. The systematic uncertainty is

estimated by calculating root mean square (RMS) of reconstructed electron v,:

V j data 2
L (0= oS
RMS = F Z < data

N Uz

(3.35)

Where N is the number of points used in the systematic uncertainty estimation, while

sim data

vy" and 05 are reconstructed electron v, from simulation and data. The final total
photonic electron v, is shown as the pink band in Fig. 3.34. The estimated systematic

uncertainty of photonic electron v, is 3.0% for Aut+Au 54 GeV and 3.7% for 27 GeV

collisions.
< 0.15 T T T T T T
gt +—+
= Au+AUSLAGeY | Au+Au 27 GeV
0-60% 0-60%
0.05- -~ Data: e T —-Data: €°° ]

[mc: e [CJwmc: e

[mc: ™ [Omc: ™
G ] | ] | |

0.5 1 0.5 1

15
P, [GeVic]

15 2
P, [GeVic]

Fig. 3.34 Photonic electron v, from data and simulation. The pink bands refer to the total
photonic electron v, from simulation. The blue bands and blue data points refer to

the reconstruced electron v, from simulation and data.

3.8 Non-photonic electron v, and systematic uncertainty

To this step, every ingredience for NPE v, calculation has been obtained. The final

result is calculated with following formula:

. . h .
NHEQHE = Nineyine — Nohoplh® — N £, - N0 (3.36)
h

Where f), is the hadron contamination fraction obtained from purity fitting procedure.
The hadron v, is using Aut+Au 62.4 GeV STAR published result. The errors from each

component are propagated according to error propagation law:
[4F Gy )P = Y (L4, (3.37)
' =" 0x; !
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Based on Eq. 3.36 and Eq. 3.37, Ava can be written as:

HF\2 N™ ? inc\2
e = <purity-Ni"C—Npha) X402

[ . ho i h ho
purity - NPRo . pP" — (pire — Y £ . ) . NP .
+ : o) X (AN'"2

(purity - Ninc — Nphoy2 stat
- . . 2
Ne . (" — Y ratio - v") — purity - N™™ . oo
+ i) : 2| X (AN, + (ANP")2 )

(purity - Ninc — Npho)2 stat Sys

2
Npho
" (pm'ity . Ninc — Npho> X (Al’gho)fys
(3.38)

Where AN?"° is uncertainty from the number of photonic electrons, which is calculated

as:
UL-LS
Np/’lO — N

€reco

UL-LS 2 2
ANpho 2 _ Npho (AN )stat <A€"eco)smt
(ANTD)sp = NPT X NUL-LS H (3.39)

2
(ANp/’lO)2 — Npho % < (A€reco)staz)
sys

ereco
In summary, we consider the following items for statistic uncertainty:
AvY: inclusive electron v,;
AN™¢: the number of inclusive electron, which can be ignored;
ANPh: the number of photonic electron, including statistic uncertainty of recon-
struction efficiency Ae

tion ANYL-LS,

eco from embedding and photonic electron signal extrac-
The following items would be taken into systematic uncertainty calculation:

Av‘z’hoz photonic electron v,;

€,..,: Photonic electron reconstruction efficiency, which is contributed to AN?"°.
From Eq. 3.20 and 3.38, we can infer that S/B = N¥/N?" will affect overall uncer-
tainty. Smaller S/B will result in larger uncertainty. Fig. 3.35 reflect relative fraction
of uncertainties from different sources in total uncertainty. In this analysis, systematic
uncertainties from photonic electron v, makes largest contribution to the final results.

One may have noticed that uncertainties from electron purity is not transported in
Eq. 3.38, because we need to consider hadron contamination too. We calculate final
H

e"F p, result with electron purity and hadron fraction gotten under different purity fit-

ting methods, and take the largest difference compared to the default method as the
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Fig. 3.35 Relative fraction of NPE v, uncertainty from different sources in Au+Au 54.4 GeV

collisions. Y-axis represent A?/A2 At2 ., includes both systematic and statistic

total ® ol

uncertainty.

final systematic uncertainty. But as we have selected high electron purity region, purity
uncertainty only makes small contribution to final result. Fig. 3.36 shows e v, in
Au+Au 27 and 54.4 GeV collisions.
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Fig. 3.36 NPE v, in Au+Au 27 and 54.4 GeV collisions.

3.9 Non-flow estimation

The non-flow contribution is estimated by PYTHIAS [75] in this analysis. It has
been tested in [75] that PY THIA calculation will give similar non-flow estimation result
as p+p data in 200 GeV collisions. The estimation is based on following assumption:

* Heavy flavor decay electrons are predominantly produced in the initial hard scat-

tering processes, its yield scales with the number of binary nucleon-nucleon col-
lisions.

* The shape of the correlation function of heavy flavor decay electrons and hadrons
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are the same in Aut+Au collisions and p+p collisions at the same collision energy.
Two particle correlation method will be used for non-flow calculation. Following sym-
bols will be used for the derivation:
N?” - number of NPE in p+p event
N,” - number of hadrons used in reference flow calculation in p+p (PYTHIA)
N4 - number of NPE in Au+Au event
N4 - number of hadrons used in reference flow calculation in Au+Au collisions

e, . ..
v;”” - heavy flavor electron non-flow in p+p collisions

h, . .
v, - “reference flow” for p+p collisions
AA . ..
U; - heavy flavor electron non-flow in Au+Au collisions
h,AA .
v, -reference flow for AutAu collisions

(...) - this operator refers to taking the average over all events
Suppose the number of heavy flavor electrons have no correlation with event multiplic-
ity, then we can take the approximation:
(N'N,") = (NC) ()
(NMNGY) = (N (NG

Two particle moment in p+p collisions is calculated as:

M3 = o5 0y = ((cos [2, - )] ))
_ < 5 B cosl2(g, = )] >

NN

(3.40)
(T B cost2tg, - #1)
(N) (N

Two particle moment in Aut+Au collisions is calculated as:

~

M3 = o o)t = ((eos 26, = b))

) <Z§f" YN cosl2 g, — )] >

NN

(3.41)

(ZH 2 cosl2@, - )]
(N4 (N

~

Based on the assumption, only heavy flavor di-jet and other heavy flavor hadron daugh-
ters make non-zero contribution to the M,. The contributions from di-jet and heavy fla-

vor hadrons can be approximated by scaling the correlation from PYTHIA by number
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of binary collisions. Then
NeAA N;?A pr N}«[,)p
< DD cosl2(e, - ¢,,)J> = Ny, <Z Y cos2(¢, — ¢h>]> (3.42)
e h e h
NM =N, N (3.43)

e AA hAA
» U

N (X7 Z07 cosl2(9, — 1)
T N (N

(22 207 cost2@. — #1) (nrmy

(N) (N (N
V)
TV
So the final estimated non-flow can be written as:
i M (NY)

LI

MM =v

7 (3.44)

~

(3.45)

This is a conservative estimation for the upper limit of non-flow contribution, because
such jet-like correlation might be weakened in Au+Au collisions due to jet quenching
in QGP. Especially the correlation between heavy flavor electron and the particles pro-
duced in the away side direction, whose phi angles satisfy | — ¢¢| > 90°, could be
totally uncorrelated due to the multi-scattering inside the QGP medium. So for lower
limit estimation for non-flow contribution, we suppose away side particles have no cor-
relation with heavy flavor electrons, and only take near side hadrons into account for
reference flow calculation.

The cuts for charged hadrons used in reference flow calculation in PYTHIA is the
same as what we used for event plane reconstruction in inclusive electron v, calculation:
0.2<p;<2 GeV/e, |n| < 1, n gap=0.05. In Eq. 3.45, v)** = 0.046 and ( N14) = 122,
which is the mean v, for charged hadrons and average track number used for event plane
calculation in 0-60%. Note that, we only take half n range for event plane reconstruc-
tion: 0.05<x<I or -1<#<-0.05.

Fig. 3.37 shows the estimated non-flow in Aut+Au 54.4 GeV collisions. In this
plot, We use charged hadrons in full A¢ range for reference flow calculation to estimate

the upper limit of non-flow contribution. While for lower limit, we use only near side
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hadrons. The overall non-flow contribution in Au+Au 54.4 GeV is a bit lower than 200

GeV collisions.

ulpF—————F——+—+—
0.2<pl<2 Gev o full @range

<NAA>=122 o near side
[]200 GeV

[ <NpA>)

I
o
o

h, AA
2

VAA=0.046

©
o
>

h

Mz" <NPP> /v

AA
vt (

3
p$PE [GeV/c]

Fig. 3.37 Estimated non-flow in Au+Au 54 GeV. ”full ¢ range” gives the upper limit of non

flow contribution.
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3.10 Appendix

Below are the selected QA plots for photonic electron embedding.
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Fig. 3.38 Partner electron nHitsFit versus tagged electron p;. Blue point: MC; Red line:

Data.
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Fig. 3.39 Electron pair invariant mass distribution in different tagged electron p, bin. Blue

line: MC; Red line: Data.
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Fig. 3.40 Electron pair DCA distribution in different tagged electron p, bin. Blue point:
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Chapter 4 Measurements of D*" production in Au+Au
200 GeV collisions

In this chapter, we will discuss measurements of D** production. The data samples
are collected by STAR with Heavy Flavor Tracker (HFT) detector installed during 2014-
2016. With HFT detector, secondary vertex of charm hadrons can be reconstructed pre-
cisely. D** meson is reconstructed via D** — D%z} (67.7%), D° — K~ 2" (3.89%)
and its charge conjugate channel. D** reconstruction, efficiency correction and sys-

tematic uncertainty estimation will be discussed.

4.1 Data Sets and Event selection

In this analysis, we will use Aut+Au 4/syy = 200 GeV Minbias triggered data col-
lected during RHIC run year 2014 and 2016. The statistics are listed in Table 4.1.
Trigger Id are listed below:

Year Statistics used library

2014 860M P16id

2016 1B P16ij

Table 4.1 Statistics and events number in this analysis

* Run2014: 450050, 450060, 450005, 450015, 450025
* Run2016: 520001, 520011, 520021, 520031, 520041, 520051
The vertex cuts for bad event rejection are summarized below:

c Ve =14/ Vi + Vy2 < 2 em. To match the HFT geometry, a smaller beam pipe is
used. Beam pipe radius is 2 cm during 2014-2016.

* |V,] < 6 em. The HFT detector is 20 cm long in Z-axis. This is to ensure that
collisions happen in the center of HFT with |5| < 1.

T | 7 dl < 3 em. Because TPC is a slow detector, primary vertex reconstructed
by TPC tracks might come from different collisions when pile-up happens. This
cut is to reduce pile-up events.

s |V, v, V.| > 107 cm. Require the events have valid vertex information.
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4.2 DY reconstruction

D° (F) are reconstructed through the Kz decay channel with help of the HFT. The
method is the same as the STAR published D° measurements [83].

4.2.1 Track selection and particle identification

We use global tracks and require them to have HFT hits to ensure good pointing
resolution. Spatial resolution is much more precise after HFT detector is added into
the track reconstruction process. To increase particle identification (PID) efficiency,
hybrid method is used. When the track is matched to valid TOF hit, a combination of
TPC dE/dx and TOF 1/ measurements is used for particle identification; otherwise,
only TPC dE/dx information is used. Track quality cuts and PID cuts are summarized
below:

Track quality for 7z and K:

+ global tracks;

* pr > 0.3GeV/c

s Inl <1

* nHitsFit>= 20 (only TPC hits, not include HFT hits)

+ at least one hit in every layer of PXL and IST
Pion PID cuts:

* |no,| <3

if TOF is available: |ﬂLm - :xp| <0.03
Kaon PID cuts:
s |nog| <2.0
if TOF is available: |ﬁLm - 11<0.03

exp

D daughters Distance of Closet approach (DCA) to primary vertex, as one of the topo-

logical parameters, will be discussed in the following section.

4.2.2 D" decay topology

Thanks to the excellent DCA resolution provided by HFT detector, D° are able to
be identified by its decay topology although its life time is short (ct ~ 123um). Fig.
4.1 shows the D° decay diagram via D° — K~z*. Several topological variables are
used to characterize the candidate K pair topology:

* DCA and DCA : DCA of K/x to the primary vertex.

* DCA,,: The closet distance between two daughter tracks.

« DecayLength: The distance between reconstructed D° decay vertex and primary
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Fig. 4.1 The schematic diagram of D (left) and D** (right) decay topology.

Table 4.2 D° topological cuts in Run14

DY p, (GeV/c) 0-1 12 2-3 3-5 5-10
DCA ,(um) > 110 111 8 81 62
DCA (um) > 103 91 95 79 58

DCA ,(um) <

84 66 57 50 60

Decay length (um) >

145 181 212 247 259

61 49 38 38 40

vertex. D° decay vertex position is defined as the middle point of the DCA posi-

tion of two daugher tracks where the two tracks are closet to each other.

« DCA p: DCA of reconstructed D" track to the primary vertex.

* cos 6: 0 is the angle between the direction of primary vertex pointing to the decay

vertex and the direction of reconstructed D° momentum. cos @ can be calculated

by sin # = DCA j/DecayLength and cos 6 = V/1 — sin 62.

The rest of D° topological cuts are tuned with “Rectangle cuts” method utilizing Toolkit
for Multivariant Analysis (TMVA) package in each centrality and p, bin[83]. D°
topological cuts used for Run14 and Runl6 are listed in Table 4.2 [130] and Table
4.3 [131]. Fig. 4.2 shows the reconstructed D signal at 2<p,<10 GeV/c in 0-80%
centrality. The combinatorial background is reconstructed by mixed-event method.
The scaling factor for mixed-event Unlike-Sign is calculated by taking the ratio be-
tween the integrated counts of same-event Like-Sign and that of mixed-event Like-

Sign within 0.152<AM<0.175 GeV/c?. In Fig. 4.2, red data points are the D° signal
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Table 4.3 D° topological cuts in 0-10% centrality in Run16

D°p(GeVic) 0-0.5 0.5-1 1-2 23 3-5 5-10

DCA,,(um) > 133105 93 97 67 55
DCA 4 (um) > 138 109 82 94 76 54
DCA ,(um) < 71 64 70 63 82 80

Decay length (um) > 100 199 227 232 236 255

DCA po(um) < 62 55 40 40 40 44
x10°
'R T T T T ]
§ 16 Au+Au |s,,=200 Gev ~ © + US-ME
L 14f ¢ US .
E E s/8s=180.8 —ME
= 12F #D°=53077
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Fig. 4.2 The invariant mass distribution of K pair in 2<p;<10 GeV/c at 0-80% centrality
in Runl4. The black open circles represent the Unlike-Sign (US) distribution. The
combinatorial background distribution is estimated by Mixed-Event method, shown
as the blue histogram. The red full circles depict US distribution after combinatorial

background subtracted.

after combinatorial background subtraction. The “bump” structure in D° signal around
1.6 < myg, < 1.7 GeV/c?, are the correlated backgrounds mainly from the partial re-
construction of multi-prong decays, , for example D° - K=p* - K=z + z° (B.R. =

0.108), or jet fragments.

4.3 D** reconstruction

We pair D° candidate with “soft” pion tracks. D° signals are fitted with Gaussian
function and D° candidates are selected within m ., + 30, where m, is the mean value
of Gaussian fit. Fig. 4.4 shows D** p;. distribution versus its daughter z, ¢ from
simulation. In the simulation, D** is forced to decay to D’z by PYTHIA. The input p;-

distribution for D** uses D° spectra in Au+Au 200 GeV collisions [83]. The momentum
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of soft pion is <~ 0.1 of the momentum of its parent D** due to the small decay Q-
value, so we call it soft pion or slow pion. In this analysis, soft pion p; is € [0.15, 1.2)
GeV/c. We set a loose cut on the soft pion and do not require it to be a "HFT track” to
increase efficiency.
Soft pion:
» nHitsFit>=20
* pr > 0.15GeV/c
* gDCA<3 cm
* |no,| <3
If TOF available:
if PtBin[i]<p,<PtBin[i+1] GeV, LowEdge[i]<ﬂi—h - ﬂl <HighEdge[i]
double PtBin[6]={0.15,0.2,0.25,0.3,0.35,10};
float LowEdge[6] = {-0.03,-0.03,-0.03,-0.03,-0.03};
float HighEdge[6] = {0.85,0.05,0.04,0.035,0.03};
The particle 1/f distribution is shown in Fig. 4.3.

@ l4r .
— [ 108
1.3 - \ 107
1.2 — 10°
- 10°
1.1 — 1
1F 10°
i 102
09F
- Au+Au \[s,,=200 GeV 10

0.8 L L I L L L L L L L
0 010203040506 070809 1
p (GeV/c)

Fig. 4.3 1/ versus momentum in Run16. The lines in the plot are expected 1// values for

each particles respectively.

To minimize the contribution from D° mass resolution, we calculate my, — my to
get D** signal. Figure 1.6 shows the my,, — my, distribution, a clear narrow peak
aroung the my,.. — mpy is seen. The o of the peak is found to about 0.75 MeV/c?. The
backgrounds shown in Fig. 4.6 are recontructed from three different methods:
» Wrong sign method: Suppose #* and 7z~ have similar distribution. Similar as
like-sign method, we pair D’z (K~ z,) and charge conjugate to describe the
combinatorial background, shown as the magenta cross in Fig. 4.6. Wrong sign

method can well describe the background at my,, > 0.15 GeV/c? and my,, <
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Fig. 44 D** momentum versus its daughter 7, ., from simulation. D** is forced to decay to
D’z by PYTHIA. The input py distribution for D** uses D° spectra in Au+Au 200
GeV collisions [83].

Current event

5 random events with similar centrality and V,

Fig. 4.5 Current event are mixed with 5 similar property events.

0.142 GeV/c?®. However, there is a bump structure under the D* signal peak
due to mis-PID. D°(K~z™") could be misidentified as D(z~ K*) due to the mis-
identification of both kaon and pion tracks. So D** wrong-sign background also
contains D** signal, although the mass distribution is distorted.

« Side band method: Suppose the background K~z pair have similar distribution
in side band region 20 < |my,—mp| < 40 and the peak region |my, —mpo| < 20.
Then we pair side band K 7 with soft pion to describe the shape of D* combinato-
rial background. Because the topological cuts largely suppress the combinatorial
background of D, the Side Band background for D** is lower than the real back-
ground. We scale the Side Band background to match the real background.

* Mixed-event method: Suppose the particle distributions are similar in events
with similar collision environment. So the uncorrelated background can be re-
constructed by pairing particles in current event with those in other similar events,
as is demonstrated in Fig. 4.5. In this analysis, the events are classified according

to the collision centrality and the position of primary vertex along the beam-line.
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Fig. 4.6 The invariant mass distribution of m; . — my  in 2<p;<10 GeV/c at 0-80% cen-
trality in Run 14. The open circles represent Right-Sign distribution. The green,
magenta, and blue crosses represent the combinatorial background distribution es-
timated by Side-Band (SB), Wrong-Sign (WS), and Mixed-Event (ME) method. The
red solid circles are RS distribution with combinatorial background subtracted us-

ing MS background.

The events are classified into 9 centrality bins and 10 V/, bins. Only events within
the same centrality and V,, bins will be mixed. We also require the events have
at least one D candidate. By mixing current event with 5 random events with
similar properties, we are able to reconstruct background with about 8-9 times
statistics. The scale factor is calculated by taking the ratio of integrated counts
within 0.152 < my,, — my, < 0.175 GeV/c? between Mixed Event method and
the real background.

From above discussions, Mixed-Event method is the best choice for background recon-

struction. The red data points in Fig. 4.2 are the D** signal after mixed-event back-

ground subtraction. The signal is fitted with a Gaussian function for the D** signal plus

a linear function for the residual background:

f=C- Gaus(u,o)+k-x+b (4.1)
4.4 D* efficiency correction

D** efficiency is factorized as the product of D° reconstruction efficiency and single

z, efficiency.
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Chapter 4 Measurements of D** production in Au+Au 200 GeV collisions

4.4.1 =, efficiency

The single 7, efficiency includes TPC tracking efficiency and PID efficiency. PID
efficiency includes TPC and TOF PID cut efficiency, and TOF matching efficiency.

ﬁ L4F  AutAu @ 200 GeV ]
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4 12F  10-40% 3
g — 40-80%
o IF E
= r
2 0.8 :—
* 06F
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02fF
“ C 1 1 1 1 1
0 0.2 0.4 0.6 0.8

[}T(GeV/é)'z

Fig. 4.7 TPC tracking efficiency of 7, as a function of p, in different centrality bins in Run14.

TPC tracking efficiency is evaluated by STAR standard embedding method. The
TPC tracking efficiency is affected by the detector acceptance, TPC response and event
multiplicity. The Monte Carlo tracks are generated and processed through the STAR
detector material via GEANT3 simulation. The simulated events are embedded into real
events and then processed through track reconstruction procedure along with real tracks
in the events. The real data samples are randomly selected from full minimum bias
events. The number of embedded pion tracks are constrained to about 5% multiplicity of
the event to avoid disturbing original tracking efficiency due to the increased occupancy.

TPC tracking efficiency is calculated as:

N e (nHitsFit > 20 &|n| < 1 & gDCA < 3 & nCommonHits > 10) 42)

€ =
TPC
NMC

Where RC refers to reconstructed tracks, and MC is Monte Carlo tracks. Because we
will fold the pion efficiency into D** efficiency calculation so the soft pion TPC tracking
efficiency is calculated as function as MC p;,, shown in Fig. 4.7.

TOF matching efficiency is evaluated from real data. We select pion samples by
TPC |no,| < 2 and estimate the fraction of pions that have valid TOF information. 7z
TOF matching efficiency under different centralities is shown in Fig. 4.8.

N, (pass track quality cut & f > 0)

4.3
N ,(pass track quality cut) 43)

€Tor =

Efficiency loss caused by PID cuts are evaluated by studying no and 1/f distribution
of pure particle samples. For TPC PID (no,) efficiency study, pion samples are selected
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Fig. 4.8 TOF matching efficiency of 7, as a function of p, in different centrality bins in

Run14.
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Fig. 4.9 Left: no, distribution; Right: 1/f distribution.

by reconstructing K, — zz. The no, distribution is well described by Gaussian func-
tion. TPC PID cut efficiency is calculated as:

_ Integral (—3,3) + 1

€ = (4.4)
= Integral (-=5,5) + 2

The integrations in Eq. 4.4 are calculated from fitting functions.

For TOF PID, pion samples can be selected by TPC dE/dx, or by reconstructing
K, — mrm. We set a loose TOF PID cut at p; < 0.2 GeV/c due to TOF calibration
shift (Fig. 4.4). Because of the long life time of K (c7 ~ 2.68 cm/c), daughter pions’
measured flight time from TOF might larger than their real fight time at low p,. As
the TOF PID cut is very loose, after cross-check with TPC selected pion samples, this
effect is negligible compared to our PID cuts. Because A% distribution is not a perfect

Gaussian (Fig. 4.9), so bin counting method will be used instead of Gaussian fit. Pion
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Fig. 4.10 Left: 7, TPC PID cut efficiency; Right: 7. TOF PID efficiency.
samples selected by TPC is not pure enough for bin counting, so we will use pion from

K, for TOF PID cut efficiency calculation.
The PID cut efficiency in Runl6 is shown in Fig. 4.10. As hybrid PID is used, the

total PID efficiency is then calculated as:

€PID = €no, " €TOF " €L T €ng, (I =eror) (4.5)
4.4.2 D reconstruction efficiency

According to Bayes’ theorem, the possibility of event A and B happen simultane-

ously can be described as:
P(A&B) = P(A) - P(B|A) (4.6)

Where P(A) refers to event A happening possibility, and P(B|A) refer to the possibility

of happening event B when event A happens. Then DY efficiency can be described as

the convolution of different sources:

reco

€D0 = €Accept ® €Track ® €Topo (47)

€Track = €rrc @ €grr @ €prp (4.8)

where

* €4ccep denotes efficiency of the detector acceptance cut, such as rapidity, p; cut

on tracks.

* er,.q01 Tefers to the efficiency of single track selection, such as TPC tracking ef-

ficiency e p, HFT matching efficiency ey 1, and particle identification €p;p,
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Chapter 4 Measurements of D** production in Au+Au 200 GeV collisions

as shown in Eq. 4.8. Similar as z, efficiency, TPC tracking efficiency is ob-
tained from full detector simulation without requiring HFT response (so called
embedding method). PID efficiency of single particle includes TOF matching ef-
ficiency, TPC no and TOF A% cut efficiency (Eq. 4.5). = and K pure samples are
selected from K, and ¢ reconstruction. HFT matching efficiency is the possibil-
ity of qualified TPC tracks (e.g. K/x) having hits on all layers of HFT detector

(see section 4.2.1):

N (pass TPC track QA & pass PID cut & match HFT QA)
€ =
HET N (pass TPC track QA & pass PID cut)

HFT matching efficiency has p;, centrality, particle species dependence.

(4.9)

* €7, 18 the efficiency of topological cuts on K7 pair, as demonstrated in Fig. 4.1.

K/x track should be qualified TPC track and meet HFT hit requirements.
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Fig. 4.11 D reconstruction efficiency as a function of p; in centrality bin of 0-10%, 10-40%
and 40-80%.

In this analysis, the data-driven fast simulation approach will be used to evaluate
DY efficiency. In the preparation step, we extract the detector response on single tracks.
The track spatial resolution is described with global DCA distribution of identified par-
ticles. Here assuming the detector DCA resolution of secondary particles decayed from
very short life particles are the same as that of primary particles. The 2D distribution of
DCAyy versus DCA , can better reflect the data than one dimension in order to take

into account the correlation between the two. The momentum smearing of the recon-

structed track is described by momentum resolution RMom.
MC RC
p 4
RMom =TT (4.10)
MC
br

Where p%l € is MC pr and p?c is reconstructed p;. Momentum resolution of K/z is

calculated from embedding. In the simulation, D° is decayed by PYTHIA. We also
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Chapter 4 Measurements of D** production in Au+Au 200 GeV collisions

consider the collision vertex distribution in beam direction (V). Then the detector
response is applied to D° daughter tracks. The detailed procedures are shown below:

1. Sample V, distribution according to that in real data.

2. Sample D° kinematics. The D is sampled with uniform p;, ¢ and rapidity dis-
tribution. Then p, weight is set for D° according to published D° spectra in p+p,
which is to ensure that p; distribution shape is close to real distribution. DY is
forced to decay into K~ z* by PYTHIAS®.

3. Smear K and 7 momenta according to momentum resolution in Eq. 4.10;

4. Smear K and & start position according to 2D distribution of DCA yy versus
DCAy from real data;

5. Reconstruct D° from its daughters with smeared momentum and position. In
this step, topological cuts and acceptance cuts are applied. Efficiency loss due
to track reconstruction or PID etc, such as TPC reconstruction efficiency (e pc),
PID efficiency (ep; ) and HFT matching efficiency (e y7), would be applied as
the weight.

The D° reconstruction efficiency in different centrality bins is shown in Fig. 4.11.

4.4.3 D' double counting effect

DY reconstructed from Kz might be regarded as DY and counted twice when both
kaon and pion are misidentified. To estimate double counting contribution in D° signal,
the first step is to extract the possibility of kaon and pion to be misidentified. Similar
as PID efficiency evaluation, these can be gotten from pure particle samples. Then
invariant mass distribution of both real D° signal and fake DO signal from mis-PID can
be simulated by fast simulation package, as shown in Fig. 4.12(a, b) . Fig. 4.12(c) shows
the estimated double counting fraction to total signal counts within +2.5¢ mass window
(R%*'¢)  Double counting correction need to be done for D° yield when calculating

D**/D° ratio.

4.4.4 \ertex resolution correction

In the real data, the reconstructed primary vertex is not exactly the same as the
real collision vertex due to finite resolution. In the data-driven simulation, we assume
that the vertex resolution is negligible and the single track DCA distributions extracted
from data are the true distribution to the true vertex. But in peripheral events, vertex
resolution might go to hundreds of um due to low multiplicity, which is comparable to
DCA resolution. Fig. 4.13 shows the Full-Width-at-Half-Maximum (FWHM) of the
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Fig. 4.12 Plot (a) and (b) is the simulated invariant mass distribution of D° signal (red lines)
and double counted D° signal (black data points) at 0<p;<0.1 GeV/c and 6<p;<6.1

GeV/c. Plot (¢) is the estimated fraction of double counting effect in reconstructed

DY signals at different centralities.

difference in the vertex x-position (V) of two randomly-divided sub-events as function
as centrality[83]. The large vertex resolution will have additional effect on the D° signal
counts afters topological cuts applied. To estimate this effect, single PYTHIA c¢ event
is embedded into a HIJING Au+Au event, and then the whole event will go through full
detector simulation with HFT geometry. In the simulation the detector performance
is the same as real data. The vertex resolution correction is calculated as the ratio of
DY efficiency between HIJING+GEANT simulation and “data-driven” simulation. The

correction factor is 1 in 0-50% centrality then decreases to 0.6 in 70-80% centrality.

445 D** efficiency

D7 total efficiency is described as the convolution of single soft pion efficiency and

DY reconstruction efficiency:
€p = €p ® €, (4.11)

As we have introduced D° and z efficiency, then D** efficiency can be simulated from
following procedures:

* Decay D** — D'z, 7+ by PYTHIA. Sample random rapidity y € (-1.2,1.2)
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Fig. 4.13 Left: Full-Width-at-Half-Maximum (FWHM) of V, between two randomly- di-
vided sub-events in various centrality bins[83]; Right: vertex resolution correction

factor as function as centrality[83].

and p; € (0,12) GeV/c. The p; weight w, for D* is set according to D spectra
measured in Run14. Suppose D* and D° p;- shape is very close and the difference
will not affect efficiency calculation.

» Smear D’ and 7, p;. D° p; resolution is from fast simulation while that of z is
from embedding. D** is reconstructed using the daughter particles following the
same procedure as in real data. After applying acceptance cut |y| < 1 as well as
pr weight, we will get D* distribution without efficiency loss.

« Apply acceptance cuts on D° and z,. Apply weight on D* according to D° and

r, efficiency:

weight =€, ® €7° ® €77 @ €yry @ W,

(4.12)
€z, = €prp ® €rpc

7o " is the correction factor for the cut on D° mass and e, is the vertex resolu-

tion correction for D° reconstruction. Because we set a very loss cut (|JgDCA| < 3

€

cm) for 7, without requiring matched HFT hits, so there is no further vertex cor-
rection for z,. Then we will get D* distribution with efficiency loss.

D** efficiency is calculated in 9 centrality bins (0-5%, 5-10%, 10-20%, .., 70-80%)

respectively. Assuming D** production cross section is proportional to number of bi-

nary collisions N,;,, D** in wide centrality bins then can be calculated from the original

9 bins with following equation:

eheco — Zl’ wil Iln'ne;)* (4 13)
Dy - . .
>, w;N,

i~ " bin
where w; refers to events in centrality i. Fig. 4.14 shows D** total efficiency in 0-10%,
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Fig. 4.14 The total efficiency D** as a function of p; in different centralties in Run14.

10-40% and 40-80% centralities.

4.5 D**/D° ratio

D*/D° yield ratio is then calculated as:

DDy = N@/e'dt x B.r(D*™* — D°z,) X B.r(DY=K ")
N"™fep X Br.(DO—K 77)

where N7 and N is D*" and D raw counts, and B.R. is short for branching ratio.

(4.14)

epo is DY total efficiency calculated as:
etg(t)al — 652630 ® €£{X ® (1 _ Rdouble) (415)

where €}, is the D** total efficiency, €’ 18 DY reconstruction efficiency gotten from

VTX
DO

tion, and R?*“?¢ is the fraction of double counting effect in the D° signal. To understand

data-driven simulation discussed in section 4.4.2, ¢ is the vertex resolution correc-
hot medium effect on D** life time, we also calculate integral yield ratio of D**/D° in

2 < py < 10 GeV/c as function as N_ As in the efficiency simulation, the input

part>*
pr shape might affect final efficiency in very wide p; bin. So we integral the corrected
D** and D° spectra and then take the ratio. The statistic uncertainty is calculated as
8,0 = \/ 2;(6,)%, where §; is the statistical uncertainty in fine p; bin. The statistical
uncertainty of D*/D° is calculated by error propagation equation. Final results will be

discussed in next chapter.

4.6 Systematic uncertainty

The systematic uncertainty is estimated by varying cuts and then going through the

same analysis procedure. The difference between results under different cuts would be
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regarded as systematic uncertainty.

_ Results(varied cuts) — Results(default)

AS A}
Y Results(default)
(4.16)

Atot —

sys —

We consider following systematic sources:

* Soft pion TPC tracking efficiency. Vary nHitsFit>20 to nHitsFit>25.

* p; cut on daughter tracks. Vary p, cut for K~/zx for D° reconstruction from

pr > 0.3 GeV/e to pp > 0.6 GeV/e. Vary py cut for z, from pp > 0.15 GeV/ce to
pr > 0.2 GeV/e.

* Raw yield extraction. Change fitting method to bin counting method. The integral

range for bin counting is within 5¢ to include the bump structure.

« D° topological cuts efficiency. Change default D° topological cuts to tight/loose

cuts. The maximum difference to the default value would be regarded as the sys-
tematic uncertainty. Because of the limitation of D** statistics, instead of using
default p;- binning, we take wide binning when estimating systematic uncertainty.
This uncertainty is only considered for D** spectra, as this uncertainty would be

canceled for D**/D° yield ratio.

« D vertex resolution correction. This uncertainty is only considered for D** spec-

tra. Regard as a constant of 5%.

The systematic uncertainty from different sources in 10-40% centrality is shown Fig.
4.15.
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Fig. 4.15 Systematic uncertainty from different sources in 10-40% centrality in Run14.
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Chapter 5 Results and discussion

5.1 e"F v, at low energy - charm quark collectivity

5.1.1 The energy dependence of ¥ v,

Figure 5.1 shows heavy flavor electron elliptic flow v, as a function of p; at mid-
rapidity (|n] < 0.8) in Au+Au collisions at \/% = 27 (green square), 54.4 (blue circle)
and 200 GeV (gray star) [75]. The shaded area shows an estimation of the upper limit
of non-flow contribution as discussed in Section 3.9. It is comparable to that in Au+Au
collisions at 200 GeV. The e”* v, data points at 54.4 GeV are significantly higher than
the estimated upper limit of non-flow contribution. The integrated e”* v, at p; > 1.2
GeV/c1s0.109 + 0.008 (stat) + 0.014 (sys), while the estimated upper limit of non-flow
contribution is 0.024. Heavy flavor electrons are predominately contributed by charm
hadrons decay at low energy and low p;, as is shown in Fig. 5.2(left) from a FONLL
pQCD calculation. The significant v, of e ¥ observed in 54.4 GeV indicates that charm
quarks also have strong interaction with the medium in Au+Au collisions at 54.4 GeV,
although the collision energy is nearly a factor of 4 lower with respect to \/% =
200 GeV. Figure 5.2 (right) shows the collision energy dependence of total charm quark
production cross section in p+p collisions from FONLL and PYTHIA calculations [ 132-
135]. The charm production cross section decreases quickly with decreasing collision
energy. The total charm production cross section at 54.4 GeV collisions is lower by
one order of magnitude compared to that at 200 GeV collisions. This makes the charm
measurements at low energy very challenging.

Figure 5.3 shows the energy dependence of e
light hadrons at p;, = 1.45 GeV/c. The points for Au+Au 27 and 54.4 GeV collisions
are calculated within 1.3 < p; < 1.6 GeV/c. The points for 39, 62.4 GeV collisions

v, and comparison to those of

are directly obtained from [75]. For Au+Au 200 GeV collisions, we take the shape of
TAMU model to fit the data points from [75]. Then the value at p, = 1.45 GeV/c
is extrapolated from fitting function. For Pb+Pb collisions at \/% = 2.76 TeV, we
combine the e”* v, at 0-10%, 10-20% and 20-40% centrality bins, weighting with
(N,,;;) [136], and then do the interpolation. Although generally the e”* v, is decreasing
at low energy, the strength of charm flow is comparable from \/% = 54.4 GeV to
2760 GeV. There is a hint that the heavy flavor electron v, is much lower in Aut+Au
m = 27 GeV collisions than those in higher energy collisions. The difference of
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Fig. 5.1 Measurements of heavy flavor electron v, in Aut+Au /sy = 27, 54.4 and 200 GeV
[75] collisions. The blue shadow shows the estimated upper limit of non-flow contri-

bution in Aut+Au 54.4 GeV collisions.
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Fig. 5.2 FONLL and PYTHIA calculations of heavy flavor production in p+p collisions. The
error bands of FONLL calculations include uncertainties from scales and masses.
(Left) Electron production yield from D or B meson decay. The input D meson
spectrum are composed of 70% D° and 30% D", including the feed down from D*.
(Right) The total charm quark production cross section as a function of collision en-
ergy in p+p collisions from FONLL and PYTHIAS8.2. FONLL calculation is from
[132-133]. The PYTHIAS.2 calculations are obtained with the default Monash tune
[134-135].

54.4 27

2 T Uy =
0.08 + 0.03(stat) + 0.03(sys) in 1.3 < pp < 1.6 GeV/c, which is larger than 0 with

heavy flavor electron v, in Aut+Au 27 and 54.4 GeV collsions is 4v, = v

a significance of 1.6¢. The decrease of v, of light hadrons with energy is slower than
charm daughters. The v, of pions and kaons keep decreasing very slowly the decreasing
collision energy in a center-of-mass energy range from several TeV to ~ 10 GeV. The
decrease of ¢ meson v, is slow when \/% > 20 GeV. However, ¢ meson v, drops
quickly when the collision energies are below 20 GeV. With decreasing collision energy,

heavier mass particles v, drops faster than lighter ones, which suggests there is a change
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in the QCD medium properties with decreasing energy.
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Fig. 5.3 The collision energy dependence of heavy flavor electron v, and light hadons (z/K/¢)

at pp ~ 1.45 GeV/c. The error bars include both statistical and systematic uncer-
tainties. (Upper) The heavy flavor electron v, at p, ~ 1.45 GeV/c. The data points
of Au+Au 27,39, 54.4 and 62.4 GeV collisions is directly from this measurement and
[75]. The data points for Au+Au 200 GeV and Pb+Pb 2.76 GeV collisions are extrap-
olated to p; = 1.45 GeV/c from measurements [75, 136]. (Bottom) Comparison of v,
between heavy flavor electron and light hadrons. The data points for heavy flavor
electron are the same as the upper plot. The data points for light hadrons are inter-
polated from [137-138] (Au+Au collisions, 0-80% centrality), and [139-140] (Pb+Pb
collisions, 0-50% centrality). The red, magenta, blue and green dash lines are the fit

P\ for 7/ K/,

%)
SNN

to data points. The fitting functions are f = p, + p;(1 + 2= +
VSNN

and f = p, + p (1 + s for efF,

)2}
5)
SNN

5.1.2 Comparison on the p; dependence of e’* and identified par-

ticles v,

Fig. 5.4 shows comparison of the p; dependence of elliptic flow for heavy flavor

electron and that of light hadrons (¢/K/x) in Au+Au 27 and 54.4 GeV collisions. The
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strength of heavy flavor electron v, is comparable to that of light hadrons at 54.4 GeV

collisions. While at 27 GeV collisions, e v, at p; > 1 GeV/c is relatively lower

compared to those of light hadrons. It suggests that charm quarks might be not fully

thermalized in /sy = 27 GeV collisions. As the momenta of heavy flavor electrons

are smaller than their parents, direct comparison of heavy flavor electrons to that of

light hadrons has some ambiguities. To do a more fair comparison, we assume the D°

follows the NCQ scaling as the light flavors and studied the expected D — e v, via a

Monte Carlo study.
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Fig. 5.4 The elliptic flow of heavy flavor electrons and light hadrons (¢/K/7) in Aut+Au

v/Snyn = 27 and 54.4 GeV collisions in minimum bias events.

Decay channels ~ Branching ratio

DY = etv,p” 3.4%
D° — etv,K*" 2.7%
D’ > ety KOz~ 0.2%
D’ — etv, K" 7° 0.2%
D’ - etv, K0z~ 0.4%
D° - etv,K* x° 0.4%
D’ - etv,x” 0.2%
D’ - ety p” 0.2%
Total 7.7%

Table 5.1 Decay channels used in the D’ — e v, simulation.

The D° is forced to decay in semileptonic channel by PYTHIAG.

The channels

included in the simulation are listed in Table 5.1. Because v, has strong centrality de-
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Fig. 5.5 The distribution of daughter electrons p, versus parent D° pr. The input D spectra
shape is taken from FONLL calculation in p+p collisions at 62.4 GeV. The D° — ¢

decay channels are listed in Table 5.1.
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Fig. 5.6 The elliptic flow of light flavor mesons (7/K/¢) follows NCQ scaling at Au+Au 54.4
GeV collisions (left plot). The points in the right plot are the estimated D — e v, with
the assumption that D° v, follows universal NCQ scaling as light flavor hadrons. The
shape of D spectra at 54.4 GeV collisions is assuming the same as that of 200 GeV

collisions [83].

pendence, and heavy quarks production yields are proportional to <N, ;> while light

coll

quarks are <N, >, so fine centrality bins are desired. The input D° spectra and v, are

part
divided into 3 centrality bins: 0-10%, 10-40%, 40-80%. The input D° spectra shape
is taken from FONLL calculations in p+p collsions at 62.4 GeV [132-133]. The D°
spectra from FONLL calculation is then scaled with <N, ,,;>. The <N, ;> in different
centralities are taken from AutAu 62.4 GeV collisions[121]. The input v,/n, is fitted
under 3 centrality bins: 0-10%, 10-40%, 40-80%. The D° v, is taken into account by
applying a weight to the initial D° azimuthal angle w = 20, cos(2(¢p — @)), where v,

is the assumed D° elliptic flow. The NCQ scaled v, of light mesons (/K /¢) are fitted
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with transformed Fermi-Dirac function, shown in Fig. 5.6 (left):

a _ a
1 + e~ (x=b)c 1 + eble ’ (51)

vy/n,(x) =
x=(mp— mo)/nq

The function is equal to 0 at p, = 0 and becomes flat at high p,. We will take the fitting
function to extrapolate vy/n, up to (my —mg)/n, < 2.5 GeV/c?. For (mp —my)n, > 2.5
GeV/c? (p; ~ 6.5 GeV/c), we assume that D° v, = 0. Because the electrons at p;< 2
GeV/c are dominantly decayed from parents with p;, < 6.5 GeV/e, as is shown in Fig.
5.5. The simulated D° — e v, is comparable to that of ef’¥ from data at p; > 1 GeV/c
within uncertainties, shown in Fig. 5.6 (right). It suggests that the charm quark may
be close to thermal equilibrium with the medium at Aut+Au /sy = 54.4 GeV too. At
pr < 0.5 GeV/e, our measured heavy flavor electron v, is systematically higher than
the simulated v, while the latter is almost zero. In the current measurement, photonic
electron backgrounds have been subtracted to obtain the non-photonic electron v,. The
major sources for non-photonic electrons are charm and bottom hadron decays. But
there may be a potential contribution from the Kaon—e (K,;). The fraction of K 5 in
non-photonic electron is very small in Au+Au 200 GeV collisions. The contribution at

54.4 and 27 GeV will need to re-evaluated.

5.1.3 Model comparison

Fig. 5.7 and 5.8 show the experiment measurements compared with TAMU [74] and
PHSD [141-142] calculations. In both TAMU and PHSD model, a strongly coupled ap-
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Fig. 5.7 Heavy flavor electron v, in Au+Au 27, 54.4 GeV from STAR measurements and
models (TAMU: [74], PHSD: [141-142]).

proach is realized, and the heavy quarks interact with the quasi-particles in the medium
elastically without gluon radiation process. However, they differ in the approach of

solving the transport in the medium.
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Fig. 5.8 Heavy flavor electron v, in Au+Au 200 GeV collisions from STAR [75] measurements
and models [75, 141, 143].

In TAMU model, the microscope heavy quark interactions with quarks and glu-
ons in the medium are evaluated using a non-perturbative T-Matrix calculations [144-
145]. The calculated heavy quark transport coefficients is applied into macroscopic
Langevin simulations of heavy quark diffusion through a strong coupled QGP back-
ground medium [74, 143]. The initial spectrum of charm and bottom are first generated
from FONLL and then smeared with the consideration of cold nuclear matter (CNM) ef-
fects. The Cronin effect is believed to be the most important CNM effects in low energy
collisions [146-147]. The evolution of the QGP is modeled by ideal 2+1D hydrodynam-
ics. When the system is below the critical temperature, heavy quarks are hadronized
through coalescence (using Resonance Recomination Model) and fragmentation. The
diffusion of D and B mesons in the hadronic phase is described using effective scattering
amplitudes of bulk hadrons.

The PHSD model, short for parton-hadron-string dynamics transport approach,
employs a non-equailibrium microscopic transport approach for the QGP dynamics,
hadronization, and the hadronic phase [141]. In PHSD calculations, charm quarks in-
teract with the oft-shell massive partons in the QGP. The masses and width of the partons
and the scattering cross section are given by the dynamical quasiparticle model (DQPM)
which is matched to the lattice QCD equation of state. The heavy quark hadronization
in PHSD model implement both coalescence and fragmentation mechanism too. The
hadronized B and D mesons interact with various hadrons in hadronic phase with the
cross sections calculated from an effective Lagrangian [141-142].

e"¥ v, from both TAMU and PHSD calculations are lower than the centroid of data
points which are measured by event plane method. If taking account the upper limit of
estimated non-flow contribution and the uncertainties, data and model calculations are

comparable at p, >1 GeV/e.
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5.1.4 Outlook of this analysis

Fig. 5.9 shows heavy flavor electron v, results in Aut+Au 54.4 GeV collisions com-
pared with that of 62.4 GeV collisions [75]. The systematic uncertainties are improved
compared to those of 62.4 GeV collisions too, despite that the signal to background
ratio is expected to be lower due to the faster decrease of charm quark cross section
with respect to light quarks with the decreasing of collision energy. This is owing to
the better description of the detector in the current STAR simulation (embedding), espe-
cially the material budget. Also, the statistical fluctuation of photonic electron v, from
simulation is reduced. So both photonic electron reconstruction efficiency and v, have
smaller uncertainties compared to [75]. However, it is still very challenging to reach
higher p;, because the electron purity drops quickly at p, > 2 GeV/c. The current 54.4
GeV data does not include BEMC information. High purity electron samples at p;>1.5
GeV/c are expected to be extracted from the requested reproduction of 54.4 GeV data
with BEMC.
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Fig. 5.9 Heavy flavor electron v, in Au+Au 54.4 and 62.4 GeV collisions [75]. The data un-

certainty is greatly improved in this analysis.

As we have discussed in last section, the contribution of K — e in non-photonic
electrons (NPE) need to be further evaluated too. K — e reconstruction efficiency and
v, can be estimated by standard embedding method or fast simulation. To evaluate its
fraction in NPE at Au+Au \/% = 54.4 GeV, it also requires a good understanding of

input kaon spectra.
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5.2 D*" production - charm quark energy loss

To fully understand charm quarks interaction with the hot medium, it is crucial to
have measurements on various charm hadron species. The fragmentation branching
ratio of ¢ — D° (iic) is 61.41% while ¢ — D** (de,J¥ = 171) is 23.86% [148]
(average of ep/pp/ee collisions). Furthermore, nearly 2/3 of D** would decay to D°.
So as a complementary to D° measurements, it is desired to check if D** R, , follows

similar tendency as that of D° in hot medium.

measured

hadronization Chemical Thermal
begins > freeze-out freeze-out

Fig. 5.10 If the K* decays before thermal freeze out, this K* cannot be reconstructed by the
final state daughter particles due to elastic scattering. On the other hand, a kaon
might combine with a pion and K* is regenerated. The final measured K* yield is

a result of the competition between re-scattering and regeneration.

Apart from fragmentation and D** feed-down contribution to D°, possible medium
effect on D** production yield might also modify D**/D° ratio in Au+Au collisions.
Re-scattering phenomenon has been observed in K* (ds, J¥ = 17!) by STAR experi-
ment [149], as is illustrated in Fig. 5.10. The quark component of K* and D™ just differ
in one quark, replacing s — ¢, and the J” quantum numbers of them are the same.
Because the K™ life time is so short (7(K*(892)) = 4fm/c) that it might decay before
thermal freeze out. As the medium is in rich of pions, there is a high possibility that its
decay daughter will be scattered elastically by the particles in the medium. Then this K*
can not be reconstructed from the final state daughters, and the final measured K™ yield
would decrease. Although the life time of D* in the vacuum is long 7 ~2000 fm/c, its
spectra function is predicted to be broadened in strongly-coupled QGP medium [150].
In other words, D** life time might be much shorter in the medium, which may result

in the lower yield of measured D*.
5.2.1 D** spectra

D** invariant yield is calculated with following equation:

dZN NTaw
2zprdprdy  2mpAppAy X N, X e, X B.R.

events

(5.2)
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Fig. 5.11 D** invariant yield as a function of p; in different centralities (Run14).

where N is D** raw counts, and B.R. is short for branching ratio=67.7% x 3.89%.
Ay is the rapidity range Ay = 2 and 4p is p; bin width. eg’L is the D** total efficiency.

Fig. 5.11 shows the final measured D** spectra in different centralities.

5.2.2 D*/DO ratio
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Fig. 5.12 D**/D" integrated yield in Au+Au collisions at /sy = 200 GeV (Runl4). K*/K~
ratio is higher in peripheral collisions compared to central collisions, while D**/D°

ratio have no strong centrality dependence.

Fig. 5.12 shows the D**/D" integrated yield ratio (2<p;<10 GeV/c) as a function
of <N,,,,>. If the hot medium significantly shorten the D** life time, D**/D° ratio
is expected to be lower in most central collisions compared to peripheral collisions,
because of the lower multiplicity in peripheral collisions. However, there is no obvious
centrality dependence observed in Fig. 5.12, which means the rescattering of D** in
hadronic phase has no significant impact on measured D** yield. So D** measurements

are able to be combined with other charm hadrons for the study of charm diffusion and
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energy loss in the medium.

As currently D** measurements in p+p collisions is limited by statistics [151], R, ,
calculation will introduce additional uncertainties. Another way is to study the D**/D°
ratio and then compare with PYTHIA calculation:

D* D* D° D° D*/D°
o Naa Niy Ny Npp _Taa 'RQZ (5.3)

AA — D+ Do DO D* D*/DO
N o1 Npp N4 NeoNpp Npp Fpp

Fig. 5.13 (left) shows D**/D° as a function of p; under different centralities and
PYTHIA calculation. D**/D° at RHIC are comparable to measurements at LHC from
ALICE in 0-10% centrality despite 25 times energy difference, shown in the top panel.
The rising tendency of PYTHIA calculation at low and intermediate p; is mainly due
to the p, shift resulting from mass difference of D° and D**. The D° R, , in 0-10%
centrality at AutAu 200 GeV collisions are shown as the black and open circles in
Fig. 5.13 (right). Similar suppression structure is observed in the D R, , as those of
light hadrons. D° R, , is strongly suppressed at high p;. The bump structure of D°
R, 4 around p; ~ 2 GeV/c might result from the collective motion of charm quark.
The measured D**/D° ratio in Au+Au are consistent with PY THIA calculations, which
means the D* feed down contribution to ground state D° and D™ is the same as in p+p
collisions. It closes the check on charm mesons and confirms that the D° R , , structure
is not due to the hadronization branching ratio of charm mesons in Au+Au collisions.
Furthermore, it can be inferred from the consistency of D**/D° yield ratio in Au+Au
and p+p collisions, that the D** R, , should have similar suppression as that of D [84].
So D** measurement also indicates that the charm quarks have the strong interaction

with the medium.

5.3 Summary

Due to the large masses of heavy quarks, they are predominately produced in the
initial hard scattering process in the heavy ion collisions before QGP formation. Thus
they are regarded as an excellent probe to QGP dynamics. In this section, we summarize

what we have learned from current charm measurements at RHIC and LHC.

5.3.1  Low momentum - Diffusion

Since the masses of heavy quarks (c, b) are much larger than typical QGP tempera-
ture, at low momentum, they interact with background medium through multiple elastic

scatterings with relatively small momentum transfer. Thus their propagation in QGP at
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Fig. 5.13 Left plot: D**/D° ratio in 0-10%, 10-40%, 40-80% centrality bins in Au+Au col-
lisions at /sy = 200 GeV (Run 2014). The results are consistent with PYTHIA
calculations (purple line) within uncertainty. Dark Gray points in the top panel are
in 0-10% centrality in Pb+Pb \/% = 5.02 TeV collisions [152]. Right plot: The
measurement of D R, , in Au+Au \/% = 200 GeV. The plot is taken from [84].
The D° R 44 has a large suppression up to p; ~ 10 GeV/c.

low momentum can make analogy to Brownian motion. Heavy quark transport prop-
erties are characterized by spatial diffusion coefficient D, which reveals the coupling
strength of the QGP, for example, D, ~ 1/(aS2T) in pQCD [61]. Measurements of nu-
clear modification factor R 4 4, and elliptic flow v, of heavy flavor hadrons or their decay
daughters are basic experimental observables to analyze D;. Fig. 5.14 and Fig. 5.15
show D-meson R, 4 and v, measurements from RHIC and LHC. Measurements show
that charm mesons have obtained a large v, at low p; in heavy ion collisions at energies
from several TeV [136, 153-155] to 200 GeV [65, 75] (and even down to 54.4 GeV as
discussed in this thesis). A local peak around p, ~ 2 — 3 GeV/c is also observed in
D° R, , at RHIC and LHC, known as “flow bump”. These phenomena confirm that D-
mesons obtain a considerable collectivity at low momentum in these collision systems.
The strength of the v, of charm hadrons or their decay daughters is a direct reflection
of the coupling strength of the medium at low momentum (although the re-scattering at
hadronic phase will also increase the v, strength). Fig. 5.16 presents D, versus tem-
perature from various theory and model calculations, which we have shown at Chapter
1. Following models are able to qualitatively describe D° R, , and v, results simul-
taneously: the PHSD model, the TAMU model, the Nantes model (MC@sHQ). D; is
increasing with temperature in most of the calculations. Current phenomenology sug-
gests that charm quark 27D is about 2-5 near T),., which are consistent with LQCD

calculation in quenched approximation without dynamical quark loops.
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Fig. 5.14 Elliptic flow of D meson in Pb+Pb /sy = 5.02 TeV collisions (30-50%) [153-154],
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[64].
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Fig.5.15 (Left) D° R 44 as a function of p, in 0-10% centrality at Au+Au m = 200 GeV
[83] and Pb+Pb \/% = 5.02 TeV collisions [152, 156]. (Right) R, , as a function of
pr in Pb+Pb \/% = 5.02 TeV collisions in 0-100% centrality from CMS [157] for
charged hadrons, prompt D°, non-prompt D°, non-prompt J/y, B™. The figures

are taken from [64].

5.3.2 Low to intermediate momentum - Hadronization

Since their thermal production rate is strongly suppressed in the medium, the total
number of heavy quarks is almost conserved during the evolusion of the system. Thus
heavy quarks serve as a good witness for the hadronization process in the QGP. An en-
hancement of D} /D ratio at LHC and RHIC is observed at intermediate p; with respect
to ptp collisions, just as coalescence mechanism expected because of the strangeness
enhancement in the QGP. Hint of B,/B, enhancement in Pb+Pb collisions at LHC is
also observed by CMS [158]. A much larger A]/D° ratio compared to fragmentation
baseline is first observed in p+p and p+Pb collisions from ALICE and LHCb [159-

160]. Recent development of hadronization via the new color re-connection mode in
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Fig. 5.16 Charm quark spatial diffusion coefficient 277D, as a function of reduced temper-
ature 7/T,, from multiple theory and model calculations [62, 66-74]. The picture is
taken from [64].

PYTHIA and color ropes in DEPSY model can enhance the production of A7 in p+p
collisions. However, these calculations are heavily relied on the choice of a plenty of
parameters. Additional enhancement of A;/D° ratios was found in Au+Au and Pb+Pb
collisions with respect to p+p collisions, shown in Fig. 5.17 [109, 161]. Models em-
ploying coalescence mechanism can qualitatively describe the data at intermediate p;
[162-165]. STAR collaboration extrapolates their measurements of major ground-state
charm hadrons (A}, DY, D° and D%) to low p;. It is found that the estimated total
charm cross section in Au+Au collisions is compatible with N,;, scaled value from p+p
collisions, if considering the enhanced production of DY and A}. The dominate uncer-
tainty in the estimation arise from the limited p; coverage in A} measurements. More
precise measurements of charm baryon are desired to quantify the total charm cross
section, which is essential to provide reference for the measurements of charmonia pro-

duction.

5.3.3 Intermediate to high momentum - Energy loss

Another feature for D-meson v, in Fig. 5.14 is that it reaches peak value around
pr ~ 3 GeV/e, then drops at intermediate p;, ~ 5 — 10 GeV/c and the value changes
quite slow at p; > 10 GeV/c. Similar structure is observed in D-meson R, , too as
shown in Fig. 5.15 (left): A local peak structure is appeared at low p;, then the value
decreases to local minimum around p; ~ 10 GeV/c, and increases slowly at p; > 10

GeV/c. These structures suggest the charm and medium interactions transit from elastic-
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Fig. 5.17 A,/D° ratio as a function of p; in Au+Au /sy = 200 GeV/c, Pb+Pb /syy = 5.02
TeV, p+Pb /sy = 5.02 TeV, p+p /syy = 7 TeV collisions. PYTHIA calculations
in p+p /sy = 200 GeV collisions with default mode (NCR, dash line) and new

color reconnection mode (CR, solid line ) are also shown in the plot.

scattering domain at low momentum to radiative-interaction domain at high momentum.
Currently it is not very clear when will the radiative energy loss of the heavy quark take
over collisional energy loss. If heavy quark elastic interactions at low momentum can
be well understood, then it is possible to handle the interplay of elastic and radiative
interactions at intermediate momentum. A mass hierarchy of radiative energy loss is
expected due to “dead cone” effect (see Chapter 1): AE, < AE. < AE, , ; < AE,. An
evidence of charm-bottom hierarchy between the R, , of prompt D° and non-prompt
D° and J/y (b — D°,J/y) is observed as shown in Fig. 5.15. Besides of energy
loss, R, 4 1s also affected by the modified charm production spectra (due to shadowing
effect) and hadronization processes in heavy ion collisions. The differences in initial
parton spectra and fragmentation process might account for the phenomena that R , 4
of charm mesons and light hadrons are very close even at a p; range where radiative
energy loss dominates [166]. At very high p, when energy-to-mass ratio (Lorenze-y
factor) is large, the mass effect is expected to disappear. As shown in Fig. 5.15 (right),

the R, , of charge hadrons and heavy hadrons or their decay products merge at very

high p;.

5.3.4 Perspective

As we have mentioned, despite the success achieved in current charm hadron mea-
surements, there are still questions remaining unsolved. A few topics on heavy flavor
measurements in next phase heavy ion experiments are listed here.

* Precise measurements of open bottom production and collectivity over a wide

momentum range. Charm quarks might have reached thermalization at RHIC
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top energy and LHC. Bottom quark is 3 times heavier than charm quarks, so it
is regarded as cleaner probe to QGP dynamics compared to charm. Precise open
bottom R, , and v, measurements are necessary for the investigation of the role of
gluon radiation and elastic scattering in heavy quark energy loss mechanism over
a broad momentum range. Besides, a bottom spatial diffusion coefficient can be
constrained from open bottom measurements. It also serves as an important cross
check to our current understanding of charm quark spatial diffusion coefficient, as
it is believed that D, is an universal parameter to reflect QGP coupling strength.
These measurements are critical to the precise evaluation of total bottom cross
section, which are significant for the interpretation of Y measurements.

* Precise measurements of D} and A} hadrons production, especially at very low
pr to gain deeper understanding of the recombination process of hadron formation
in the QGP medium. Although models implementing coalescence mechanism
can reproduce the enhancement in intermediate p,, powerful constrains at low
pr is still vacancy. Furthermore, current measurements indicate that D} and A7
contributes a lot to total charm cross section which are crucial to provide precise
reference for charmonia measurements. Similarly, measurements of A, and B,
are desired in the future measurements too, as they make contributions to total
bottom cross section and a hint of enhancement of B,/B” in Pb+Pb at LHC has
already been observed.

» New observables such as the modification of angular correlations between heavy
flavor hadrons in A+A collisions with respect to p+p collisions, which is pre-
dicted to be sensitive to energy loss mechanism from low to intermediate mo-
mentum [167]. Moreover, heavy flavor tagged jet measurements are sensitive to
path length dependence of energy loss mechanism [168].

A new experiment named sPHENIX at RHIC are expected to start running at early
2020s, while the experiments at LHC are preparing detector upgrades for High-
Luminosity LHC (HL-LHC) in the late 2020s. We will focus on the sSPHENIX detector
at RHIC which will be discussed in detail in next chapter.
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Chapter 6 Outlook - Future heavy flavor program at
RHIC

After over 20 years operation of the Relativistic Heavy Ion Collider (RHIC), exper-
imental measurements have confirmed the existence of Quark Gluon Plasma. We have
moved forward to a new stage to probe the inner working of the strong-coupling hot
nuclear matter. Heavy quarks serve as an unique probe to the early dynamics of QGP
due to their large masses. In this chapter, we will introduce a new generation experi-
ment at RHIC in 2020s - the sSPHENIX experiment. The inner most of the SPHENIX
tracking system is the Monolithic Active Pixel Vertex (MVTX) detector, which will
provide precise secondary vertex reconstruction for heavy flavor measurements. The
heavy flavor program at sSPHENIX will be introduced. The simulation of A} production

measurements in future SPHENIX detector will be discussed.

6.1 The sPHENIX detector

The sPHENIX detector is a next-generation under-construction detector for hard
probe measurements at the RHIC at Brookhaven National Laboratory (BNL)[90]. The
primary physics goal for sSPHENIX includes jets measurements, Y suppression, heavy
flavor physics and cold QCD. The first data taking at sSPHENIX is planned to begin at
2023. The current operation plan of the sSPHENIX detector scheduled by BNL is 3 years

run including p+p, ptAu and Au+Au collisions at 4/syy = 200 GeV.

Outer HCal

SC Magnet

Inner Heal

Fig. 6.1 A schematic view of the proposed sPHENIX detector.
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The schematic layer of the SPHENIX detector is shown in Fig. 6.2. The detecor is
designed as a barrel detector with a coverage of |#| < 1.1 in pseudo-rapidity for primary

vertex within | Z |<10 cm and full azimuthal acceptance. The tracking system, from

vertex
inner most to outer, consists of the Monolithic Active Pixel Vertex (MVTX), the Silicon
Strip Intermediate Tracker (INTT) and the Time Projection Chamber (TPC). The detec-
tor is also designed with full calorimeter system including an electromagnetic calorime-
ter (EMCal), and inner and outer hadronic calorimeters (HCal). The sPHENIX detector
trigger rate can record 15 kHz in A+A collisions, and the DAQ data rate is higher than
10 GB/s, which enables us to collect sufficient data samples for the future analysis.

Detailed introduction for sPHENIX sub-detectors could be found at [169-170].

6.2 MVTX detector and heavy flavor program at sSPHENIX

The MVTX detector is a proposed upgrade of SPHENIX detector for heavy flavor
measurements and is planned to be available for day-1 physics now. It is a 3-layer sili-
con pixel vertex detector utilizing the 2nd generation MAPS sensor used for the ALICE
ITS2 [171]. The 1st generation MAPS has been utilized in the STAR HFT detector.
The MVTX detector will provide a fast integration time (~ Sus) and very low material
budget (~ 0.3% X,) with high tracking efficiency. As we have discussed in Chapter
4, the precise reconstruction of the secondary vertex helps to suppress the combinato-
rial background of heavy flavor hadrons. The excellent spatial resolution provided by
MVTX largely improves the DCA resolution of the tracking system. Besides, the fast

readout helps improve the tracking efficiency in high luminosity environment.

Active length
271 mm

9 ALPIDE sensor

SPHENIX klybrid Ihtegrated Circuit

Fig. 6.2 Picture (a) is a schematic view of the MVTX detector. The left plot in picture (a)
shows the radius of Picture (b) is MVTX integrated circuit with 9 ALPIDE sensor.

With the MVTX, the sSPHENIX detector will enable new and precise measurements
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Fig. 6.3 The projected uncertainty of B meson R, and v, with totally 240 billion minimum

bias Au+Au events. The precision is enough to separate different models.

on open bottom and charm baryon production that cannot be done before at RHIC en-
ergy. Bottom quark is about 3-4 times heavier than charm quark. Fig. 6.3 shows the
projected statistic uncertainty of non-prompt D° (from B mesons decay). Such precision
will provide stringent constraint on heavy quark energy loss and transport models. Apart
from B meson studies, rich opportunities on heavy flavor studies would be enabled at
sPHENIX, such as b-jet, heavy flavor correlation, heavy flavor baryon production, and
so on. Simulation works are carried out to explore the possibility and precision of these
measurements in the future sSPHENIX experiments. We have done the simulation of A

production, which will be discussed in the following section.

6.3 A production at SPHENIX

6.3.1 Introduction

Heavy quark hadronization mechanism in the QGP can be studied by measuring
the production ratio of different heavy quark hadron species. The STAR experiment
have observed strong enhancement of A/D° ratio with respect to p+p collisions cal-
culated by PYTHIA 8[109]. An enhancement in baryon-to-meson ratio is expected if
the deconfined charm quarks hadronized via coalescence mechanism from the QGP
medium. But different coalescence models still have large difference when it goes to
the low p;. Moreover, the enhancement of A;/D° ratio at low p; region suggests that
A} baryons have sizable contribution to the total charm quark production cross sec-
tion in QGP. The measurements of total charm cross section provide the baseline for
charmonium suppression and coalescence. The charm production cross section from

current measurements is largely limited by A7 measurements, particularly at low p;
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(p<3 GeV/c). In the following sections, we will discuss the performance of A pro-
duction measurement in AutAu collisions at \/m =200 GeV in the future SPHENIX
experiment with MVTX detector. Based on the projection of the RHIC luminosity, there
will be totally 143 billion minimum bias (MB) events recorded for Au+Au collisions
within |Vertex,| < 10cm in 3 years run plan with sSPHENIX. If it is possible that there
are additional 2 years run scheduled, the total recorded MB events is expected to reach

240 billion for Au+Au collisions .

6.3.2 Overview of simulation approach

The full simulation requires us to generate Au+Au event from Hijing and then em-
bed the whole event into the full detector simulation, but it’s time-consuming to obtain
enough statistics. So in this simulation, a hybrid method will be used, combining full
detector simulation and fast simulation. Firstly single particles (z*, p/p, K*) are embed-
ded into the full Geant4 simulation of the detector and then go through the track recon-
struction process. The sub-detector systems include TPC+HINTT+MVTX. From this,
we are able to extract single track performance, such as DCA 2-dimension distribution,
momentum resolution and tracking efficiency. In the second step, the background and
signal will be generated by fast simulation package with single track performance ap-
plied on the daughter particles. This method have been validated in the D° measurement
at the STAR experiment [83], when data-driven simulation is applied for calculation of

D° reconstruction efficiency.

Signal: 0

Decay A, * by EventGen;
A¢ prweight: A /D® X D%spectra
fitted to STAR data.

J
SIEES PIES, / Combinatorial background \

momentu.m, Particles from primary vertex:
a,d'_j UiE T (L Sample the num. of K/mt/p
efficiency, (PID) (from Hijing);
Sample the P, 1M, @ of particles
Particles from secondary vertex:
Apply cuts, Charm decay K/mt/p
reconstruct Generated by PYTHIA 8
Lg/Background reweighted according to D°

K production yield /

Fig. 6.4 Flow chart of the hybrid simulation for A} performance calculation with sSPHENIX

detector.

The overview of the simulation procedure is summarized as a flow chart in Fig. 6.4
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and elaborated below:

1. Sample the primary vertex position in Z-direction (V}). V, is fixed to 0 in this
simulation.

2. Generate final state particles (K/z/p) that contribute to the signal and background.
The distribution and kinematics of these particles will be determined in this step.
Details will be discussed in the following section.

3. Apply detector response on single tracks. Smear the single track kinematics and
position. The K/z/p momentum is smeared according to momentum resolution
while their origin position is smeared according to DCA y, vs DCA , 2D distri-
bution. The efficiency loss for the single track is also considered, such as track-
ing efficiency, TOF matching efficiency (under some scenarios) and PID ability.
Four PID scenarios will be discussed in the following sections.

4. Reconstruct the secondary vertex of A7 candidate as what we do in real analysis
with topological cuts applied. In this simulation, A} is reconstructed through

AY - pntK™.

6.3.3 sPHENIX detector performance

The assumed detector performance used in this simulation is the same as the B —
D° projections in MVTX proposal [172]. K/z/p are embedded into the full Geant4
simulation of the SPHENIX detector. Fig. 6.5 shows total tracking efficiency for single
tracks as a function of p;- , which includes TPC tracking efficiency and MVTX matching
efficiency. The tracks is defined as a matched MVTX track only when the track has at
least two layers MAPS hits. The tracking efficency is fitted with following formula:

—(prla)®
€Tracking = N Xxe (prfa) (61)

To fully describe the particle DCA performance in the barrel-like detector systems
(TPC, MVTX etc), 2-dimension distribution of DCA y vs DCA, will be used for parti-
cle vertex position smearing due to their inner correlations. Fig. 6.6 shows the DCA yy
versus DCA , 2D distribution at 0.5<p;<1 GeV/c. DCA is the distance of closet ap-
proach between tracks and primary vertex. The detector spatial performance is supposed
to be the same no matter the track is from secondary or primary vertex as long as it is
within the acceptance. The DCA resolution is extracted by projecting DCA distribu-
tion under each p; bin and then extracting the 6,4 from Gaussian fit. Fig. 6.7 (right)
shows the DCA resolution as function as p; in XY-Plane.

Momentum resolution is also gotten from embedding. Fig. 6.8 (left) shows K/z/p
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Fig. 6.5 Total tracking efficiency extracted from the full Hijing+Geant4+GenFit2 simulation.
The efficiency has included TPC tracking efficiency and MVTX matching efficiency.
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Fig. 6.6 K/p/x DCA, VS DCA yy 2D distribution
dpp/p7* distribution at 3.1 < pr < 3.3 GeV/e. Here, dp; = pif° — p*, pi¢ is the

reconstructed momentum and p* is MC p;. The momentum resolution is evaluated by

true

fitting d py/p7" projection under each p; bin with Gaussian function. Fig. 6.8 (right)

true

1s opr/p7* as function as p;. The fitting function for Fig. 6.8 (right) is:
T/P1 T g g g

O _ (=232 + (b pp)? + 2 (6.2)
Pr \/p_T

6.3.4 Signal

The EvtGen generator is used for A} generation and decay. A} are forced to decay
to proton, kaon and pion (A — pz™ K ™). The decay includes three resonant channels as
well as the non-resonant channel according to the PDG handbook. We sample uniform
rapidity distribution Y € (—1, 1), and flat ¢ distribution ¢ € [0, 27). For transverse mo-
mentum, we first sample flat p;- distribution from 0 to 15 GeV, then set the p, weight
according to the estimated A} p; spectra. The decay branching ratio (6.23%) will be
applied when calculating the signal yield and significance. Fig. 6.9(left) shows current

Aj/D0 measurements in Aut+Au 200 GeV from STAR and comparison with models.
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